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Abstract 
The last decade has ushered in the advent of organic materials as active/passive components 
in electronic devices. In contrast to traditional inorganic materials, the mechanical flexibility of 
organic materials can readily result in devices which are stretchable, bendable, and wearable; 
earning them a sobriquet: Plastic electronics. In this context, conjugated Small Molecules 
(CSMs), a class of plastic electronics, garnered tremendous attention due to their reliable and 
reproducible synthetic methodologies, high purity, and light weight as compared to polymer 
based materials. Most importantly, the molecular structure can be tailored to manipulate the 
intrinsic electronic and opto-electronic properties. The aim of this PhD work was to develop 
CSMs based on 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives (DHPPs) as active components for 
electronic and opto-electronic applications.   
During the course of this scientific journey, a critical literature review exposed several 
knowledge gaps that needed to be fulfilled for a complete understanding of structure-property-
device performance. Upon attempting to address these challenges, smart structural modifications 
through judicious choice of functional groups was carried out to establish a rationale between 
molecular framework in a quadrupolar A-π-D-π-A configuration and its influence on the 
electronic and opto-electronic properties. The electrical switching characteristics of these 
materials have been evaluated by embedding them in a two-terminal Metal-Insulator-Metal 
configuration and the results confirm that, the materials can mimic the functions of a Permanent, 
rewriteable flash and Dynamic-Random Access memories (short term memory), which are 
expected to fulfil the requirements for low-cost flexible information storage applications. The 
obtained switching data from the devices as a function of molecular changes were systematically 
analysed to optimize critical parameters like thickness of the active layer, active area of the 
ix 
 
device and operating window. Further, the possible mechanism responsible for the observed 
electrical phenomenon was comprehensively studied and elucidated with appropriate physico-
chemical characterizations and theoretical simulations.  
Finally, the opto-electronic characteristic of the material was exploited to construct a 
broadband photodetector based on a single-component photoactive layer. The devices exhibited 
broad spectral sensitivity, responsivity and excellent detectivity across 350 to 850 nm. The 
results and comprehensive analysis provided underscored the precision and reliability of the 
designed opto-electronic sensor. One of the major goals of this thesis was to develop materials 
that can operate under ambient conditions without the need for hermetic encapsulation. The 
endurance and aging tests carried out for the devices comprising of the synthesised derivatives as 
active materials, confirm the long-term stability under the absence of encapsulation. Further 
optimizations are expected to offer more consistency and reliability for batch-to-batch 
performance.  
Overall, this PhD work provided significant insights and established a strong rationale for 
understanding the relationship between the molecular structure and its influence on the electronic 
properties and device performance. Moreover, the results discussed highlight the choice of 
DHPPs as electronic components for designing low-cost high performance electronic devices.    
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Chapter 1 
 
Introduction and rationale  
 
 
 
This chapter provides an overview of organic semiconductors, their working principles and 
charge transport mechanism. Additionally the application of organic semiconductors as 
organic memory devices and photodetectors, along with a brief description of the working 
principles is presented. Finally, the research rationale, motivation to pursue the present 
research, and the organization of the PhD thesis is outlined.  
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1.1 General view on Organic semiconductors 
The family of organic semiconductors is generally classified into two categories; polymer 
based materials and conjugated small molecules (CSMs). Together, they form a community 
named as “plastic electronics” [1,2] which is expected to change the way electronic devices are 
conceived and designed. However these two categories of materials are in stark contrast from 
both chemical and technological point of view. While polymers are macro-molecular entities 
constituting a repeating fundamental unit: the monomer, small molecules contain conjugated 
molecular backbone which can be either soluble (dyes)
[3]
 or insoluble (pigments)
[4]
 in organic 
solvents. Due to the solubility of dyes in organic solvents, they can be processed using solution 
based techniques like spin/dip coating, doctoral blading and inkjet printing. 
[5]
 In particular, small 
molecules can be processed using vacuum or non-vacuum based techniques for fabricating thin 
films.
[6]
 Unlike polymer based materials, which suffer from setbacks like limited solubility and 
batch to batch synthetic inconsistencies
[7]
, small molecules constitute simple synthetic routes, 
batch to batch reliability, readily accessible frameworks for tuning the intrinsic electronic 
properties.
[8]
 Organic semiconductors are analogous to inorganic semiconductors albeit with a 
slightly different concepts in terms of band energy, valence band, conduction band, Fermi levels, 
charge transport mechanism, and can be classified as either p-type or n-type semiconductors. 
[9]
 
Thus a true comprehension of this relatively newer class of semiconductors is an essential 
criterion to design conjugated organic molecular based electronic and opto-electronic devices. 
[10]
  
This thesis mainly focusses on small molecular materials and their unique electronic and opto-
electronic properties. Before proceeding to detail the abundant wealth of materials available in 
the literature, this chapter provides a basic introduction to organic semiconductors, description to 
the structure and property, device fabrication and their operation principles. This is followed by 
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introduction to the applications, basic terminologies, research objectives and methodologies 
developed in the due course of the thesis. 
1.2 Introduction to conjugated organic molecules (CSMs)   
Organic conjugated small molecules (CSMs) are formed by either light weight or macro-
cyclic molecules which are mainly based on carbon, hydrogen, and heteroatoms 
(oxygen/nitrogen/sulphur). The latter class i.e., polymeric materials constitute repeating units of 
monomers to form a linear or a branched chain. Apart from the mentioned elements, other 
atomic elements can be attached or incorporated into the framework to influence the 
chemical/physical properties. The carbon atom is tetravalent and is covalently bonded to other 
carbon atoms while interacting with other elements. To further elaborate on this, molecular 
orbital theory is employed to explain the formation of molecular structure. The possible 
hybridizations involved in the molecular backbone are sp
3
, sp
2
 and sp1, wherein the superscript 
denotes the number of p-orbitals involved in that particular hybridization. The schematic 
representation of the hybridizations is presented in Figure 1.1. 
 
Figure 1.1. Types of hybridization: sp
3
, sp
2
 and sp
1
. 
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Materials involving sp
3
 hybridization contain only single bonds in the molecular backbone 
usually with a bond length typically 1.54 Å. This type of hybridization cannot exhibit 
semiconducting properties as the energy required to excite an electron from a bonding σ-orbital 
to an anti-bonding σ* orbital is at least 5-6eV. Thus, molecules/polymers involving saturated 
carbons are electrical insulators and few examples are polyethylene, polystyrene, polypropylene 
etc. The case of sp
2 
hybridization is interesting and complex; three electrons from the carbon are 
involved to form σ-bond while the fourth non-hybridized (2pz) orbital forms a π-bond. The side-
by-side overlapping of these p-orbitals results in formation of two orbitals in the final molecule; 
π and π*. Further, the filling of these orbitals result in formation of highest occupied molecular 
orbitals; often termed as HOMO and the lowest unoccupied orbitals; termed as LUMO. It is 
noteworthy to mention that the HOMO and LUMO are the analogue of the valence band and 
conduction band in the inorganic semiconductors and the energy gap (Eg) between them governs 
the opto-electronic properties of the material under study. The double bond length is usually 
shorter than the single bond which reaches 1.34 Å as compared to 1.54 Å in sp3 hybridization 
state. Considering a simple example of ethylene molecule, the energy level diagram is given and 
represented in Figure 1.2. 
 
Figure 1.2. Energy diagrams of molecular orbitals (eg: ethylene molecule). 
The molecules are π-conjugated if they present a system with alternating single and double 
bonds. However, conjugation can also be a part of macro cyclic systems wherein the carbon 
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atoms form large molecules such as benzene or Napthalene or Pentacene. The π-electrons that 
are part of benzene rings are de-localized throughout the molecule and are considered to be in a 
constant state of flux. The conjugated molecular moieties (from a simple double bond to a 
benzene ring) can be used as basic building blocks to construct macro cyclic molecules with 
tuneable Eg and are of great interest in the context of optical and electronic applications. The 
developed conjugated molecules can be utilized for exhibiting desired optical and electrical 
properties by various structural modifications/functionalization. Additionally, the building blocks 
can be functionalized with substituents to fine tune the optical, electrochemical and electronic 
properties of the molecules. In most cases, the structural modifications have pronounced 
influence on molecular packing. 
[11]
 Some of the examples for small molecules and polymers are 
presented in Figure 1.3. 
 In general, organic small molecules containing alternating double bonds facilitate conduction 
of charge carriers which are either electronically or optically generated.
[12]
 Like inorganic/silicon 
based materials, organic semiconductors can be classified as p-type and n-type materials. The 
designation of semiconductor type is assigned in accordance with their intrinsic electronic 
properties. For p-type materials which are generally referred to as ‘donors’ the intrinsic nature is 
to conduct holes, whereas n-type materials are good electron conductors.
 [13]
 The semiconducting 
property in organic molecules is mainly intrinsic and is not a result of doping process. 
[14]
 Apart 
from the conventional p-type and n-type, molecules demonstrating equal magnitude of electron 
and hole mobility are available which are termed as ‘ambipolar’ molecules.[15] Depending upon 
the application, the choice of material can vary from a p-type/n-type/ambipolar, to design 
organic devices exhibiting optimal performance. Some of the well-known examples for p- and n-
type organic semiconductors are listed in Figure 1.4. However, the doping mechanisms noticed 
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here is substantially different from the ones encountered in inorganic materials. Thus a direct 
comparison of organic materials with inorganic at this level could be misleading.  
 
Figure 1.3. Small molecules and Polymers (reproduced from Ref 12). 
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Figure 1.4. p-type and n-type organic semiconductor. (Ref 13). 
Considering the above properties of materials i.e., the conjugation, type of semi conducting 
behaviour (p-type/n-type/ambipolar) discussed so far, organic semiconductors should fulfil the 
following criteria to obtain a good functional device with optimal performance. The points are 
summarized below: 
 Possessing a conjugated system in the backbone. 
 A strong overlap of π-electron clouds in the solids; the greater the better.  
 Good structural properties when deposited as a thin film.  
 Good chemical purity of the compound (greater than 98 %). 
 Good physical and chemical stability (thermal, oxidative and environmental). 
Moreover, the electronic properties of the thin film depend on the crystallinity and micro-
structure in the thin film. The more compact and ordered the thin-film, the more overlapped are 
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the π-electrons, the better are the charge transport characteristics. Further, material purity plays a 
crucial role in obtaining devices with optimal and consistent performance.
 [11]
 In this context, 
organic molecules are preferred over their polymer counter parts, as polymers suffer from 
unreliable batch to batch purity which leads to an inconsistent device performance. Finally, the 
material stability against atmosphere, temperature and light is of paramount importance in the 
field of organic electronics.
 [16]
 Especially, the reactivity of the excited state generated in organic 
semiconductors can pose a problem from an opto-electronic application stand-point. 
1.3 Charge transport mechanism 
In contrast to inorganic materials, the charge transport mechanism in molecular materials 
differ significantly as it is generally involved through the transport of radical cations and/ 
anions.
[17]
 Generally organic semiconductors have low dielectric constants, thus a weak 
electronic coupling ensures that the charge carriers are localized on a single molecule ensuing in 
low charge carrier mobility. However, thermal activation can effectively enhance the mobility 
between the adjacent molecules and thus the molecular solids display enhanced charge mobility 
at elevated temperature. Moreover, most of the active layers are not single crystalline, and the 
energy levels of these polycrystalline/amorphous layers are less discrete due to different 
polarization energies experienced within the molecular environment.
 [18]
 These “defect sites” or 
trapping sites play a critical role in governing the hopping process and their contribution on the 
hopping transport is represented as a Gaussian distribution. The bandwidth of this Gaussian 
density of states is proportional to the spatial and energetic disorder in the semiconducting active 
layer. 
[19]
 
The charge mobility seen due to thermally activated/assisted hopping transport is many orders 
lower than that of the band transport seen in inorganic materials. Since the charge transport 
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involves a localized hopping mechanism, the rate of radical ion hopping is usually described 
using the Marcus theory which is discussed in succeeding sections. If the structure of organic 
semiconductors is well organized, there is a possibility that the material can exhibit band like 
conduction. For instance, in inorganic semiconductors, the conductivity in ultra-pure and highly 
ordered crystals is limited by scattering process due to phonon interactions.
 [20]
 In contrast to the 
hopping process, the conductivity decreases with increase in temperature due to the reduction in 
scattering probability. However, it is important to note that a comprehensive understanding of 
charge transport mechanism is still unclear for organic semiconductors. In the following 
discussion, the most used and widely accepted charge transport models for organic 
semiconductors are discussed. 
1.3.1 The polaron model 
The first report by Warta et.al in 1985 on the band transport theory in organic semiconductors 
has been observed in ultra-pure crystals of oligoacenes (eg: naphthalene and perylene), wherein 
the dependence of mobility (μ) on temperature (T) was determined and expressed as: 
𝜇(𝑇) ∝ 𝑇−𝑛,                                                                                                                                                     Eq 1.1 
Where n is typically a positive constant, and thus the mobility is expected to decrease with 
increase in temperature. These findings did not provide a clear understanding and the model put 
forth remained controversial till date. A more logical and well received theory is based on the 
concept of polarons, 
[21]
 where the drift velocity (ν) dependence on electric field (ε) is considered 
based on the notion seen in inorganic materials.
[21]
 The equation is usually expressed as: 
𝜈 = 𝜇𝜀 ,                                                                                                                                    Eq 1.2 
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According to the polaron model, the total charge mobility (μ) is essentially a sum of coherent 
(band like transport) and incoherent (hopping) transport mechanism.
[22]
 The prevalence of either 
of these mechanism depends on the electron-phonon interactions encountered; a strong electron-
phonon coupling has a dominant hopping mechanism.
[18]
 Unlike inorganic semiconductors, 
organic based materials exhibit a strong coupling and hence the major driving force for the 
charge carrier mobility is the hopping mechanism. Typically, band transport requires a low 
temperature and in contrast, the hopping mechanism demands higher temperatures for better 
mobility.  
1.3.2 Hopping Mechanism  
In 1956, Marcus introduced a theory involving spatial overlap of molecular orbitals where it 
was proposed that the electron transfer occurs during the redox reaction process. This charge 
transport involves a self-exchange of electron/hole transfer from a charged to a neutral molecule 
or vice-versa by hopping process.
[23]
 This phenomenon is assisted by following parameters: 
a) Maximum electronic coupling between the adjacent molecules, and 
b) Smaller re-organizational energies for efficient charge transport. 
The reorganizational energy corresponds to the relaxation energies seen due to the switching 
from charged to neutral or vice-versa. This theory highlights the importance of strong 
intermolecular interactions and its influence on the charge carrier hopping process.  
1.3.3 Charge trapping and release model 
The presence of charge traps is inevitable in real world semiconductor devices. The charge 
traps are categorized as electron or hole traps depending on the location of their energy states 
with respect to HOMO or LUMO energy levels and the charge carriers are effectively trapped by 
these ‘defect sites’ due to the energy differences. [18] Depending upon the energy needed to 
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release these trapped charges, the traps are categorized as shallow or deep. When the traps can 
release the charges in the presence of thermal energy they are considered to be shallow, 
otherwise they are categorised as deep traps. The charge carriers can be released from traps 
either at elevated temperatures or using an external electrical stimulus.
[24]
  
Since the real world semiconductors contain traps, Ohm’s law cannot explain the dependence 
of current on voltage, as the strength of external electric field varies significantly along the active 
layer employed in the device. In such a scenario, space charge limited current (SCLC) theory 
explains the charge transport assisted by trapping and de-trapping models.
[25]
 In SCLC, the 
current is generally limited by barriers at the electrode active layer interface or through transport 
in the active layer matrix. The current density-voltage (J-V) characteristics initially follow 
Ohm’s law at lower voltages and gradually progress to a space charge region where the current is 
proportional to the square of the voltage (V
2
) due to the accumulation of space charges 
[26]
 which 
makes the transport injection limited. The current flow is usually described using the Mott-
Gurneys law as: 
𝐽 =
9
8
𝜇𝜀𝜀𝑜
𝑉2
𝐿3
 ,                                                                                                                         Eq 1.3 
Where ε is the dielectric constant, 𝜀𝑜 is the permittivity, V is the applied voltage, L is the 
thickness of the semiconducting layer, and 𝜇 is the mobility of charge carriers. From a hole 
only/electron only device configuration, the charge carrier mobility can be estimated using the 
SCLC regime. 
[27]
  
1.4 Organic semiconductor design rules 
The key role of organic semiconductors as active components in electronic devices is well 
researched and documented. A molecular design is essential knowledge and a prerequisite for 
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designing suitable materials for a specific application. The general design principles that are 
considered are listed in brief below: 
1. Mobility: The structure of conjugated organic molecules can be fine-tuned to exhibit 
better intermolecular and intra-molecular charge transport. The molecular interactions 
govern the packing in the thin film which in turn influences the charge carrier mobility. 
The more compact the packing, the better is the mobility. 
2. FMO energy levels: The HOMO and LUMO energy levels play a crucial role in 
governing the charge carrier transport, and injection/extraction of generated charges. 
Also, the properties relating to oxidative stability are primarily dependent on location of 
the electronic energy levels. Moreover, the energy levels determine the intrinsic 
semiconducting properties of the material (p-type, n-type, and ampipolar).  
3. Crystallinity of the active layer: The crystallinity plays an important in determining the 
charge carrier mobility as the better molecular packing leads to better overlap of π-
orbital. Thus significant crystallinity in the materials is in fact essential for obtaining high 
performance organic electronic devices. 
4. Solubility: The issues pertaining to solubility can be resolved using introduction of alkyl 
side chains. However, introducing alkyl chains can potentially impact the molecular 
ordering and packing, thus affecting the crystallinity, which is again detrimental to device 
performance.  
Moreover, the thin film processing techniques and fabrication protocols employed play a 
crucial role in determining the stability and lifetime of the devices.  
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1.5 Organic semiconductor applications 
It is well known that organic molecules can be referred to as a ‘swiss-army-knife’ for 
multitude of applications like organic field-effect transistors (OFETs)
[28]
, opto-electronic 
textiles,
[29]
 organic electro-chromic devices (OECDs),
[30]
 organic light emitting diodes 
(OLEDs),
[31,32]
 organic solar cells (OSCs),
[33,34]
 organic resistive memory devices (ORMs),
[35,36]
 
and organic photodetectors (OPDs).
[37–41]
 The myriad of potential possibilities of organic 
semiconductor devices are presented in Figure 1.5.  
The present research work is majorly focussed on: resistive switching memories (ORMs) and 
organic photodetectors (OPDs). A general introduction pertaining to operating principles, 
terminologies, metrics and parameters are given below. Finally, a comprehensive and critical 
analysis of existing literature and knowledge gaps identified is presented. Based on this, a set of 
research questions and objectives are put forth to establish a foundation and rationale for the 
present PhD thesis and the approaches to answer these questions are dealt comprehensively in 
the follow up chapters.  
 
Figure 1.5. Various applications of Organic semiconductors (Ref 35, 65 and 85). 
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1.6 Introduction to digital memory  
A memory device is designed as a means for storing and accessing the digital data as 
sequences of “0’s” and “1’s”. The conventional technology relies on implementing integrated 
circuits such as transistors or capacitors as memory elements, which typically constitute 
semiconductor materials with metal interconnects.
 [42]
 To accommodate the ever growing 
demand for higher density of data storage, the scaling limit of a transistor i.e., the minimum 
feature size, has undergone a transition from 150 nm to 20 nm over the past several decades.
[43]
 
However, the scaling limit as well as the inevitable cross-talk issues between adjoining memory 
cells poses a technological impasse for further miniaturization. The motivation to find different 
ways for data storage have led to evolution of new technologies like ferroelectric random access 
memory (FeRAM), magneto-resistive random access memory (MRAM), phase change memory 
(PCM), and resistive random access memory (RRAM). 
[44]
 However, it should be noted that, the 
traditional transistor based technologies suffer from scaling limitations, huge power consumption 
and complexity in designing integrated circuits. On the other hand, upcoming memory 
technologies like MRAM, FeRAM which employs magnetic/ferroelectric materials with 
reversible polarizability, suffers from severe scalability and power consumption.
[45]
 In the light 
of these drawbacks, RRAM technology has garnered widespread attention due to their simplistic 
device architectures, low power consumption, fast switching speeds (< 25 ns), and high 
endurance (10
6
 cycles). Moreover, devices based on RRAM are compatible with CMOS based 
integrated circuits. Owing to their two terminal architectures, a 3-dimensional stacking can be 
envisioned in RRAM based devices, which is expected to provide high density of data storage. 
[46]
 Additionally, RRAM based devices utilize the electrical bistability of the materials wherein 
15 
 
the data is stored as “0” or “1” based on changes in the intrinsic resistance of the active material 
in response to an external electric stimulus.
[47,48]
  
 
Figure 1.6. Schematic representation of a RRAM cell. 
1.6.1 Organic resistive memory (ORM) devices 
The current technology based on traditional inorganic based RRAM devices are expensive 
and face scaling and manufacture limitations.
[49]
 In this context, organic based memory devices 
have received wide spread attention owing to their potential to be low-cost, easily processed, 
good scalability, minimal power consumption, and 3-dimensional stacking that enables high 
density/ultra-high density data storage.
[50,51]
 Moreover, synthetic strategies can be employed at 
will to tune the intrinsic electronic properties of the molecular framework. Conjugated small 
molecules in comparison to polymer based materials are more advantageous due to their simple 
and straightforward synthetic routes with batch-to-batch reliability. In cases where polymer 
materials face synthesis and processing limitations, small molecules enjoy a higher degree of 
freedom as they can be subjected to synthetic modifications with minimal impact on their 
intrinsic (opto) electronic properties. 
[28]
 Also, small molecules can be processed effectively 
using vacuum and non-vacuum based techniques. When deposited as a thin film, the material is 
compatible with standard patterning process to form the individual memory cells which can be 
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either integrated into two-dimensional cross-bar arrays or (as shown in Figure 1.7) stacked into 
three-dimensional (3D) information storage devices. Each cell in the 2D array or 3D stacked 
configuration is distinguished by its unique set of Cartesian coordinates.  
Owing to its simple two terminal structures and the nano-scale/molecular scale active organic 
thin films, a very high data storage density can be realized in organic based memory devices.
[52]
 
Furthermore, the synthetic modifications can result in unique memory properties rendering a 
library of materials to design and obtain desired memory performance.
[53]
 As discussed in 
Section 1.1, the organic materials can be integrated into wide variety of memory technologies 
like FeRAM, MRAM, PCM, and RRAM.
[35]
 This thesis mainly focusses on RRAM based device 
structure due to the advantages mentioned in Section 1.1.  
This chapter provides a brief introduction to types of organic resistive random access memory 
devices documented in literature, an introduction to basic terminologies in memory, operating 
principles, possible charge transport mechanisms, and challenges plaguing the technology in the 
current scenario. 
 
 
 
Figure 1.7. A typical organic resistive memory device (Ref 35). 
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1.6.2 Classification of Organic resistive memory devices 
The organic memory can be primarily classified into two categories: volatile (RAM) and non-
volatile (ROM and hybrid) memory (Figure 1.8). In volatile memories, the stored information is 
lost over a period of time unless provided with a constant/periodically refreshing electrical 
stimulus. Typically refresh rates range in the order of 30 ns for capacitive or resistive based 
RAM devices.
 [53] 
Among the types of volatile electronic memories available, dynamic random 
access memory (DRAM) and static random access memory (SRAM) are most widely 
employed.
[54]
 In DRAM, the stored data requires the cell to be periodically refreshed which is 
why the memory is volatile and often termed as “dynamic”. The volatile nature, ultrafast access 
and simple device structure makes it an attractive candidate for fast response and high 
performance memory for most computing applications. In SRAM, the term “static” is in stark 
contrast to “dynamic”, as the device exhibits temporary remanence, but still volatile and the data 
is eventually lost when the power is turned off. The SRAM while being very reliable and 
efficient with a temporary memory is very expensive when compared to DRAM and thus 
confined to applications such as memory cache. 
[55]
  
The non-volatile memories constitute write-once read-many times (WORM) memory (ROM) 
and flash memory which could be read and re-written (hybrid).
[56]
 WORM memory is usually 
used for preserving data for longer times in cases like archival standards, large databases, and 
radio-frequency identification (RF-ID) tags which are required to maintain the data state 
permanently without the need for power. Conventional Compact disks (CD-R), DVD and 
programmable ROM are typical examples of WORM memory. Similarly flash memory is a type 
of non-volatile memory in which the data can be read, erased and re-written, however will 
maintain the data state even through long periods of being powered down. 
[57]
 An example of 
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flash memory is a USB data key device. The repeated reprogramming of the electrical state can 
be carried out for several cycles and the information written remains intact due to the non-
volatile nature of the device. 
 
Figure 1.8. Classification of memory.  
1.6.3 Types of resistive switching 
The basic feature of the RRAMs is the electrical bistability of the system, wherein the high 
resistance state (HRS) is flipped to the low resistance state (LRS) through an external electrical 
stimulus, and vice versa. The process of switching from HRS to LRS and vice versa is termed as 
SET and RESET process, respectively.
[58]
 The specific resistive state (HRS or LRS) can be read 
using a small bias depending on whether the memory is volatile or non-volatile. The SET and 
RESET process can be achieved as a function of electric polarity. Based on this, the resistive 
switching is categorized into two types; namely unipolar and bipolar resistive switching.
[59]
 The 
differences in the switching characteristics manifests in the I-V characteristics as shown in 
Figure 1.9. In unipolar RRAMs, the switching direction is independent of the applied bias 
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polarity (Figure 1.9a). As seen, the device can be switched from HRS to LRS at a specific 
threshold voltage (Vth). The system returns to the OFF state in the subsequent scan at a voltage 
lower than the SET voltage (fig 1.9a). Generally most of devices exhibiting unipolar I-V 
characteristics often have a “symmetric” electrode configuration in which the top electrode (TE) 
and the bottom electrode (BE) are of the same material. 
[45] 
Figure 1.9. I-V characteristics of (a) Unipolar switching (b) Bipolar switching (c) Semi logarithmic I-
V curve. 
In bipolar switching, the switching direction is completely dependent on the polarity of the 
voltage applied. The SET and RESET occurs in the opposite polarity as seen from Figure 1.9b, 
thus avoiding an overlap between SET and RESET voltages which is a common occurrence in 
unipolar switching devices. The device structure displaying bipolar switching usually comprises 
of “asymmetric” electrode configuration i.e., different materials are used as top electrode and 
bottom electrode. 
1.6.4 Terminologies and electrical parameters of resistive memory 
In this subsection, some of the most common terminologies used in the field of organic 
resistive switching are discussed. These terminologies give the reader a basic understanding of 
electrical parameters encountered in resistive memory operation. These parameters are essential 
to evaluate the performance of memory devices.   
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1.6.4.1 Current-Voltage (I-V) characteristics 
Typically, I-V curves are acquired by sweeping from a negative to a positive voltage, and 
back or vice versa. This dynamic voltage sweeps helps in pin pointing the SET and RESET 
voltages, i.e. the threshold voltages. I-V curves can be obtained under a fixed compliance current 
(CC) or free of compliance current. Depending on the material, synthesis and fabrication process, 
the initial resistive state of the device can be a LRS or a HRS state. I-V characteristics for 
memory applications are generally presented in semi logarithmic plots (Log I v. V) as shown in 
Figure 1.9c to highlight the change in current behaviour in relationship to the bias voltage 
applied to the memory cell. 
1.6.4.2 Write 
When the device is in the initial HRS state, a low current is obtained from the device when a 
voltage pulse less than the threshold voltage are used. Further, when the voltage sweep 
approaches the threshold limit, it induces a transformation of HRS to LRS which is seen as an 
abrupt change in current. This OFF to ON transition represents the writing process of the device. 
The ON state remains intact or vanishes depending on whether the device is non-volatile/volatile. 
1.6.4.3 Read 
Once the device is transitioned to the ON (LRS) state, a specific voltage pulse less than the 
threshold voltage can be used to probe the device to “read” the ON state. Generally, the read-out 
is made easier if the system possesses a high LRS(ON) / HRS (OFF) ratio.  
1.6.4.4 Erase 
The device can be erased by transitioning the LRS (ON) state to HRS (OFF) state by applying 
a voltage pulse with opposite polarity (bipolar switching). This ON to OFF transition is 
considered as erasing process. However, the OFF state can be re-programmed to the ON state by 
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repeating the write process again. This transition is more frequently encountered in flash based 
memory devices.   
1.6.4.5 ON/OFF current ratio  
ON/OFF current is ratio between the current when the device is turned on to the (ON) LRS 
state and the current in the device when it is in the (OFF) HRS state at the same voltage. This is 
also often referred to as ‘memory window”. A high ON/OFF ratio is a pre-requisite for 
functional devices to minimize the mis-reading rate of the information from the read-out 
electronics. A minimum ON/OFF ratio for a memory cell should be in the order of 10. 
1.6.4.6 Switch time 
The switching time is a crucial parameter as it influences the speed of writing and processing 
of the information. Most of the traditional technologies are equipped with a switching time in the 
sub-nano (~ 25 ns) second regime. For organic memory based devices literature documents 
switching time as fast as 10 nano seconds which is comparable to conventional capacitive 
memory cells. 
1.6.4.7 Retention 
The retention of the data is usually referred as a function of time the device can retain the data 
(LRS or ON state). The device is probed with a periodic pulse to check the retention of the ON 
state. The longer the retention the better non-volatile the device is. Usually, over 10
8
 seconds is 
preferred for practical applications of flash memory. However, for a permanent memory 
(WORM) a retention time of 5 years is desired from a long term storage perspective. 
 1.6.4.8 Endurance 
The endurance/cycling tests are carried out for devices showing re-programmable memory to 
evaluate the operational lifetime and their ability to perform continuous read-write-erase cycles. 
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For practical applications cycles > 10
6
 are desired. The retention and endurance are important to 
provide a reliable and stable environment to store, access, and re-write the information for a 
specific period of time. 
 The other important electrical parameters that are of paramount importance to evaluate the 
performance of organic resistive memories in comparison to inorganic material based devices 
include simplicity of the device, minimal power consumption, packing density to improve the 
amount of memory stored, and mechanical flexibility for designing next-generation information 
storage devices.
[36,50]
 
1.6.5 Switching mechanism for OFF to ON transition 
It is now understood that a change in resistance of the electro-active layer in response to an 
applied bias (electric field) is believed to trigger the OFF to ON transition. Various plausible 
mechanisms have been put forth to explain the observed conductance switching in 
organic/polymer based RRAM devices. Amongst them, the most widely reported mechanisms 
include filamentary conduction, ionic conduction,
[60]
 space charge trapping/de-trapping,
[61]
 
electric field induced charge transfer interaction/effects,
[62]
 and conformational changes.
[63]
 This 
section is aimed at providing a brief summary on the existing conduction mechanisms known in 
the literature.   
1.6.5.1 Filamentary conduction. 
The filamentary conduction is normally believed to be associated with physical damage or 
presence of metallic filaments in the active layer, which is known to occur during the top-
electrode deposition. These factors result in “artefact memory effects” which are very difficult to 
control and generally lead to inconsistent and non-reliable results.
 
Depending on the type of 
filament formation, usually two types of filaments are noticed: carbon rich filament and metallic 
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filament conduction. The carbon rich filament is caused due to local degradation of organic 
materials in the active area.
 
The formation of this conductive carbon rich filament during the 
course of voltage sweep results in the enhancement of mobility of charge carriers and causes a 
sudden increase in current. The formation or rupture of this filament flips the device from OFF to 
ON or vice-versa.
 [42]
 
The metallic filament usually arises from the top electrode depositions. In this type of 
filament formation, the electric field induced migration of metal ions (Figure 1.10) eventually 
lead to an enhancement in both mobility and concentration of charge carriers with an abrupt 
increase in current. 
[64]
 In filamentary conduction, the current generated is independent of active 
area since the current produced is localized due to the filaments.  
 
Figure 1.10. Filamentary conduction mechanism. 
1.6.5.2 Space Charge trapping/de-trapping 
It is well known that the inherent electrical conductivity of organic/polymer based materials is 
far lower than that of inorganic materials. The charge carrier injection from electrode into the 
24 
 
active layer is dependent on the nature of the contact formed, i.e. an Ohmic or non-Ohmic 
contact. In an Ohmic contact, the current is linearly proportional at any given voltage as the 
current flowing is not limited by the contact resistance. In a non-Ohmic contact, a Schottky 
barrier exists at the active layer-electrode interface due to the differences in Fermi level of the 
material and work function of the electrode. This results in an injection of space charges in the 
active layer matrix. A build-up of space charges at the active layer-metal electrode interface 
causes an electrostatic repulsion between the individual charges which screens the applied 
electric field, thereby, limiting the charge injection into the film.
 [61]
 As a consequence, a 
hysteresis in the I-V or C-V (capacitance-voltage) characteristics is noticed. 
In a typical hysteric cycle, a voltage is applied to write a state and read by probing the device 
under a small bias. A bias of opposite polarity can be used to erase this state. The traps are 
usually present either in bulk of the material or at the interfaces impeding the mobility of charge 
carriers.
 [65]
 Generally, the traps can exist because of the adsorbed oxygen molecules in the thin 
films or due to the presence of electron deficient groups as commonly seen in push pull type 
donor-acceptor structures. Literature also documents semiconductor or metal nano particles in 
the active layer matrix as charge trapping centres. These traps are filled gradually due to the 
charge carrier injection and saturate at higher voltages, resulting in opening up a channel (Figure 
1.11) where the carriers move freely.
[66]
 The enhanced mobility and accumulated carrier 
concentration leads to an abrupt increase in current which reflects as ON (LRS) state noticed in 
the device. After the transition the current is limited by the number of charge carriers (trap-
limited) in the device and when a bias of opposite polarity is applied, the trapped carriers can be 
de-trapped, thus reverting from the ON state to OFF state. Therefore, space charges and traps 
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play a crucial role in the electronic process and govern the switching behaviour of the organic 
based resistive switching devices. 
 
Figure 1.11. space charge polarizations (reproduced Ref 66). 
1.6.5.3 Electric field induced charge transfer interaction/effects  
In a typical donor-acceptor complex, an excited state leads to an electronic transition that 
results in a charge transfer (CT) occurring between the donor moiety and the acceptor moiety. 
[51]
 
The conductivity of CT complex depends on the extent of charge transfer polarization in the 
system and the CT complex can be used to design molecular based electronic devices. The 
application of organic charge-transfer systems that include organometallic complexes, 
nanoparticle based organic/polymer systems and single component dyads or polymers having 
intra-molecular donor-acceptor structures for memory applications are extensively documented 
in literature.
[67–69]
  
1.6.5.4 Conformational changes 
This mechanism is predominantly observed in polymer based materials where the spatial 
conformation of the material is observed to significantly alter the distribution of electron density 
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within the macromolecular architecture and/π-conjugation of the framework, thus modifying the 
material’s electrical conductivity. In conjugated small molecules the electrical bi-stability 
occurring due to the external electric field induced conformational changes have been well 
reported.
[70,71]
 For example, polymers containing carbazole as pendant groups show field-induced 
conformational changes in which the randomly oriented pendant groups form a more regio-
regular arrangement for facilitating the charge carrier delocalization and transport.
[72]
 The 
underlying mechanism of operation is based on the concept of the transverse electric field, and 
its influence on varying the dihedral angle of the polymer chains leading to an eventual change in 
the conformation. This altered conformation offers a conductive channel for charge carriers to 
hop freely in the active layer and the resulting conductance change of the active layer can be 
utilized to create electrical bistable states. 
1.6.5.5 Ionic transport  
 
Electronic memory effects can be achieved by introducing dopant ions at a Schottky contact. 
The migration of dopant ions results in oxidation and reduction of the polymer giving rise to a p-
n junction. This mechanism can be validated by measuring the I-V characteristics as a function 
of temperature. An interfacial depletion layer present at the polymer/electrode interface results in 
a hysteresis that can be exploited for creating a memory storage device. The dopants at the 
interface can undergo electric field induced drift since they are not chemically bound to the 
polymer. This results in a change of capacitance at the depletion layer.
[60]
 This also reflects as a 
change in current measured during the bias sweep. The memory effect observed here is a 
consequence of increased or decreased charge injection into the active layer of the device 
resulting in altered concentration of dopant ions in the vicinity of the active electrode. 
Alternatively, conductivity change in polymers can be achieved by facilitating the doping 
through external bias. A voltage larger than threshold voltage causes an OFF to ON transition 
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and can be read with a small voltage signal. A bias of opposite polarity can de-dope the polymer 
and transition the device back to OFF state. Thus the device fulfils the requirement of a non-
volatile re-writable memory.
 [73]
 
Though there are various mechanisms available, more in-depth studies are required to explain the 
observed electrical phenomenon and these factors are imperative for a reliable and consistent 
RRAM performance.  
1.6.6 Technical challenges  
Despite significant advancement being made in the field of organic electronic memory 
devices over the past decade, the technology is still in infancy in comparison to traditional 
inorganic based memory. The main problems plaguing the field of organic memory devices are: 
1. Fabrication of organic electro-active materials with reproducible switching and transport 
properties. 
2. Integrating the devices into addressable memory arrays with CMOS based devices which 
are compatible with commercial fabrication processes. 
3. A comprehensive understanding of molecular structure and memory performance 
relationship is still lacking despite numerous molecules being synthesized and reported. 
4. A lack of understanding of the mechanism governing the electrical transition. This leads 
to an unreliable and inconsistent device performance. 
5. Life time and stability of the device is way behind the available inorganic material based 
devices. Typically a life time of organic memory devices lasts from few days to 12 
months. 
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Despite these problems, organic based memory devices hold immense promise to realize 
inexpensive, flexible, wearable, bendable devices
 [74]
 with comparable data storage density to 
inorganic memory devices. 
1.7 Organic photodetectors 
As previously  mentioned, organic molecules based semiconductors are an upcoming class of 
materials aimed at developing low-cost electronic and/opto-electronic devices.
[75]
 Most 
importantly, the concept of using OSCs as active components in photo-detectors benefits from 
the abundant availability of existing molecules with tuneable spectral response achieved via 
synthetic modifications.
[76–78]
 Perhaps, the ability to integrate organic materials into conformable 
geometries, wherein traditional inorganic based materials face constraints, makes them an 
attractive choice for realizing stretchable/wearable/bendable electronic devices.
[74]
 Employing 
innovative fabrication techniques can result in large area detectors/sensors which augur well for 
many commercially viable applications. Till date, utilizing bulk hetero junction medium or 
organic-inorganic hybrids have been the conventional way to design and fabricate organic 
photodetectors that can operate over a selective wavelength or a broadband spectrum.
[79–82]
  The 
performance metrics or figure of merit used to evaluate the performance of organic based 
photodetectors are generally categorised by one or more of the following: linear dynamic range 
(LDR), spectral responsivity (R), external quantum efficiency (EQE), detectivity (D*), noise 
equivalent power (NEP). 
[40,41,83,84]
 Additional parameters like rise time and decay times, 
ON/OFF ratio are also essential for analysing device performance. The following discussion 
gives a brief overview into the device structure and important figures of merit required to be 
considered for characterizing organic photodiodes. 
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1.7.1 Photodetector device structure 
Generally, the widely used test structures for constructing organic photodetectors are 
photodiode and phototransistors. The former is fabricated in a vertical sandwich like 
configuration while the latter is built in a lateral planar configuration. This thesis confines 
discussion to a photodiode configuration. In a typical photodiode, the active material is 
sandwiched between two metal electrodes
 [85]
, which function as charge carrier collectors as 
shown in Figure 1.12. One of the electrodes is transparent to allow the photon-material 
interactions. As a rule of thumb, the transparent electrode should be optically transparent in the 
region of interest. The most widely used transparent conducting electrodes (TCEs) are Indium tin 
oxide (ITO) and Fluorine doped tin oxide (FTO). The active material consists of a photoactive 
layer which could be a blend of donor and acceptor in a bulk hetero-junction medium. However, 
using a single-component photoactive layer is not uncommon but is primarily limited due to 
tedious synthetic methodologies and constraints posed on having good figures of merit. In a 
photo transistor, the photocurrent is primarily dependent on channel width, length and charge 
mobility of the active material. Contasrtingly, in a photodiode, the performance relies on 
efficient exciton separation which is short lived and has diffusion length on the order of 
~10nm.
[40,86]
 Therefore, the thickness of the active layer plays a critical role in determining the 
efficiency of the material under study. To obtain higher EQEs and lower dark currents, it is a 
common strategy to have thicker active layers, however, having thicker active layer increases the 
response time and decreases the collection efficiency as the excitons easily undergo 
geminate/bimolecular recombination before being dissociated and collected at the active layer-
electrode interfaces.
[41]
 
30 
 
 
Figure 1.12. A schematic representation an (a) organic photodiode and (b) a phototransistor 
(reproduced from Ref 85). 
1.7.2 Figures of Merit (FOM) 
A thorough understanding of molecular design and device physics can result in an efficient 
photodiode with impressive figures of merit (FOM). The following FOMs are often used to 
characterize a photodiode and are discussed in brief in the following sections. 
1.7.2.1 Linear dynamic range (LDR) 
The dynamic range of a sensor depends on its ability to distinguish the change in intensities of 
the incoming light and is defined using the ratio of maximum (Jmax) and minimum current/noise-
current (Jmin). For using OPDs in real time, a high linear dynamic range (LDR) is desired as the 
photocurrent is linearly proportional to the intensity in this range.
[87]
 At lower power densities, 
where the recombination (typically bimolecular) is negligible when compared to the carrier 
extraction rate, the photo generated current remains linear to incident light intensity. At higher 
light intensities, based on the carrier mobility and recombination dynamics of the active material, 
the photocurrent will deviate from the linear relationship at a threshold light intensity after which 
the responsivity decreases due to the formation of space charges. 
[88]
 Therefore it is quite 
essential to measure the upper and lower limits rather than assuming using a theoretical limit. 
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LDR is usually defined using the magnitude of the current/equivalent light power over which the 
response is linear for photocurrent versus intensity with a normalized decibel unit, which can be 
expressed as: 
LDR = 20 log
𝐽𝑚𝑎𝑥
𝐽𝑚𝑖𝑛
                                                                                                           Eq 1.4 
It is desired that the organic photodetectors have a LDR of ~100 dB, which is close to 
conventional silicon detectors range (120 dB). However, to achieve high LDR, the devices 
should be exposed to higher light intensities which can cause photo-induced oxidation of the 
active layer.   
1.7.2.2 Spectral responsivity (R) 
Responsivity (R) is an important parameter which provides information regarding the output 
signal generated for an incoming signal and is defined by the ratio of the output current/voltage 
signal to the impinging power of the optical signal. It is generally expressed in A/W and given by 
following equation: 
𝑅 =
Δ𝐼
𝑃𝜆𝑆
      Eq 1.5 
where ∆I is the difference of dark current and photo-generated current, Pλ is the radiant power 
density of the incident light and S is the effective area under illumination. 
1.7.2.3 External Quantum Efficiency (EQE) 
The external quantum efficiency (EQE) is the ratio of the number of incident photons to the 
extracted electrons, where the higher the EQE the better. 
[89]
 EQE is related to responsivity and 
can be expressed as:  
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EQE =
𝑅ℎ𝜈
𝑒
 = 
𝑅ℎ𝑐
𝜆𝑒
     Eq 1.6 
wherein R is the responsivity at the specific wavelength λ, h is Planck’s constant, c is velocity of 
light and e is the elementary charge. Assuming a constant light source and fixed number of 
photons are generated per unit time, the generated photocurrent determines the EQE. Usually, 
photodiodes have EQE upto 100%, whereas phototransistors show EQE in excess of 100% as the 
charge transport involves tunnelling.  
1.7.2.4 Detectivity (D*) 
The detectivity (D*) provides information regarding the ability of a photon-detector to detect 
a small photo signal from the background noise.
[78,90]
 It is obtained by either considering the 
inverse of the noise equivalent power (NEP) or using the responsivity of the system. The 
detectivity is usually quantified using shot noise or thermal noise from the system. In general, the 
shot noise is widely believed to contribute towards the noise floor. The unit of detectivity is 
cm.Hz
1/2
.W
-1
 or simply termed as Jones (J). The equation for detectivity takes the form: 
𝐷∗ =
𝐽𝑝ℎ 𝑃𝜆⁄
(2𝑞𝐽𝑑)
1
2⁄
=   
𝑅
(2𝑞𝐽𝑑)
1
2⁄
 
Eq 1.7 
Where R is the responsivity, q is the elementary charge and Jd is the dark current density. 
Minimal dark current contribution generally leads to a very high detectivity in the developed 
photo sensor. Typically detectivities in the range of ~10
15 
Jones is desired for an optimal 
performance of the sensor.  
1.7.2.5 Noise Equivalent Power (NEP) 
The determination of noise and its contribution holds a lot of significance when determining 
the minimum distinguishable light signal. The NEP is defined as the minimum optical power 
detected by a photodetector when the signal to noise (S/N) ratio approaches unity. The 
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parameters NEP and detectivity are interchangeable and dependent. Thus the NEP of a 
photodetector in units of W/√𝐻𝑧 for an active area A is written as: 
𝑁𝐸𝑃 =
√𝐴
𝐷∗
  , 
Eq 1.8 
Where A is area of the detector under study and D* is the detectivity of the system. 
1.7.2.6 Rise and decay times 
The response of a photodetector should be fast in accordance with the input optical signal 
which is essential for applications like optical/remote sensing and imaging sensing. The rise time 
is usually characterized by 10% to 90% of the signal whereas a 90% to 10% decay in the signal 
is considered for estimating the decay/fall time.  
1.7.2.7 ON/OFF ratio 
The ON/OFF ratio for a photo-detector is defined by the ratio of output photocurrent to the 
noise floor of the system. The higher the ON/OFF ratio the greater is the S/N ratio. The 
responsivity and detectivity of the system is determined by the magnitude of the response ie., 
generated light current. 
1.7.3 Challenges 
Although, organic photodetectors have made significant leaps towards commercialization, the 
technology is still in nascent stages. The main issues plaguing the progress of the technology are 
the inconsistencies from device performance. Though organic materials are attractive with 
immense options, the oxidative stability against air and light remains an area of concern.
[86]
 Most 
of the active materials are susceptible to breakdown due to constant electrical stress. From the 
technology standpoint, most of the reported organic materials suffer from tedious synthesis 
strategies making the processing cumbersome. The important parameter to evaluate the 
performance of organic photodetector is the figure of merit. Most of the organic photodetectors 
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have low to moderate FOMs which make them incompetent in comparison to inorganic based 
materials. Thus intense efforts are needed to address these challenges. Despite the challenges, 
organic based photo sensors hold immense promise to realize inexpensive 
flexible/printable/wearable electronic devices 
[83,91,92]
 that can be fine-tuned with attractive opto-
electronic properties. Also, the OPD technology possesses an advantage to be integrated with 
complementary metal oxide semiconductor (CMOS) based devices.   
1.8 Current State-of-the-art 
Organic conjugated small molecules (CSM’s) exhibiting unique optical, electrochemical and 
electrical properties have captivated the researchers over the past decade.
[39]
 Their potential 
applications are envisaged in diverse applications such as organic photovoltaics (OPVs),
[33]
 
organic light emitting diodes (OLEDs),
[31,32]
 organic field effect transistors (OFETs), organic 
sensors,
[93–96]
 organic electrochemical transistors (OECTs) to organic resistive memory (ORMs) 
devices.
[52,54,57,97–101]
 The recent developments and astute understanding of synthetic 
methodologies have resulted in materials with high purity, batch to batch reliability and have 
promised industrial viability due to their cost competitive nature when compared to conventional 
inorganic counterparts. However, inconsistencies in device performance, life time and stability 
issues have created a technological impasse for commercialization.  
Among the CSMs reported in literature, fused hetero-aromatic/acene structures with a donor-
acceptor (D-A) arrangement; widely known as push-pull systems (chromophores) are an 
interesting class that have garnered significant attention in recent years.
[102]
 The judicious choice 
of donor (D) and acceptor (A) moieties; "pick and impart" molecular design options offer rich 
structural flexibility to access and manoeuvre the molecular framework at volition. Tailoring the 
molecular backbone while exercising control to retain the optical and electronic properties with 
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simple and smart synthetic strategies can effectively alter the intrinsic electronic character of the 
molecule under study. Conventional p-type or n-type materials can be appropriately tuned to 
exhibit bipolar and/or ambipolar behaviour. Additionally, the tuneable planarity inherent in these 
donor-acceptor system imparts excellent ordering and crystallinity to the thin films.
[103]
 These 
underlying parameters associated with the molecule under study are crucial to determine the 
electro-active performance of the engineered device.  
In the past decade, various molecular scaffolds with push-pull D-A arrangement, such as, 
linear (D-π-A), quadrupolar (D-π-A-D or A-π-D-π-A) and octupolar/tripodal ((D-π)3-A or (A-
π)3-D) have been reported extensively.
[104]
 The extent of polarization and intra-molecular charge 
transfer (ICT) facilitated within the delocalized π-electrons define their unique opto-electronic 
properties.  
In recent years, hetero-pentalenes as a central core for developing push-pull D-A systems for 
photonics and organic electronics have witnessed an upsurge in light of their interesting optical 
and electronic properties. Having a fused heteroacene unit in a conjugated backbone offers 
various advantages such as rigidity, strengthened conjugation, and enhanced intermolecular 
interactions in the thin film. The intermolecular interactions are known to play a crucial role in 
governing the molecular packing and charge transport properties of the thin film. Some of the 
well-known family of hetero-pentalenes that are predominantly documented were based on 
thieno[3,2-b]thiophenes, dithieno[3,2-b]thiophenes, furano[3,2-b]furanes, thieno[3,2-
b]pyrroles, dithieno[3,2-b:2′,3′-d]pyrroles. [105-108] The commercial availability of thieno[3,2-
b]thiophenes made them an instant choice to construct numerous molecular frameworks for 
desired applications. Some of the examples for these hetero-acenes are provided in Figure 1.13. 
The literature review highlights the fact that primary attention in designing the push-pull systems 
36 
 
have majorly focused on fused thiophene based organic semiconductor systems, whilst modest 
attempts were directed towards developing furan or pyrrole as the central core.
[109]
 As for the 
pyrrole based systems, the well-known derivatives were majorly based on indolo[3,2-b]indoles 
and diketo pyrrolo pyrroles (DPP),
 [110, 111]
  see Figure 1.13.   
 The thiophene or furan or DPP based derivatives were documented to have been used as 
active components for resistive memory and photodetector applications. However, low electron 
mobility observed for thiophene based derivatives and the chemical instability associated with 
furan derivatives have limited their scope as electroactive components.
[112]
 Furthermore, the 
optical properties of these materials were inferior and needed to be enhanced in conjunction with 
molecules possessing complementary optical properties. Alternatively, the concept of bulk-
heterojunction with fullerene moieties or an organic-inorganic hybrid medium was proposed to 
overcome these limitations. Although these strategies were proved to be effective, their scope 
remained limited due to the cost and complexity involved. 
  Envisaging a single component system to multi-task; exhibiting superior opto-electronic 
properties, thermal and oxidative stability remained elusive as the molecules require tedious 
synthetic strategies and vigorous purification techniques (column chromotapography) for their 
application. Also, most of the molecules need vacuum based processing techniques to be 
processed as thin films; which is not a cost-effective strategy. Introducing alkyl side chains in the 
molecular framework through molecular engineering improves their solubility making them 
conducive for solution processable techniques. Unfortunately, these modifications result in poor 
yields which limit the scalability of these materials. A viable alternative that encompasses 
efficient synthesis strategy, superior opto-electronic properties while possessing versatility for 
processing is needed for the advancement of organic based semiconductor technology. 
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Figure 1.13. Examples of fused hetero-acene based push-pull systems. 
1.9 Research motivation  
1,4-Dihydropyrrolo[3,2-b]pyrroles are an underexplored class of hetero-pentalenes which 
are analogous to thieno[3,2-b]thiophenes, thieno[3,2-b]pyrroles, furano[3,2-b]furanes 
[112,113]
 as 
seen from Figure 1.14. The first successful synthesis of 1,4-dihydropyrrolo[3,2-b]pyrroles 
(DHPPs) reported in 1972 paved an interesting direction for designing materials based on fused 
pyrrole systems as a the central core.
[114]
 Also, molecules based on DHPP derivatives were 
envisioned as a promising alternative to furans and thiophenes as the nitrogen based core is 
electron rich compared to thiophene/furan based analogues. However, the immense prospects for 
these molecules remained untapped due to the limited and inefficient synthesis methodologies 
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that resulted in low yields. In 2013, Gryko et.al., developed an interesting one-pot-domino 
reaction to synthesize DHPP`s with moderate (upto ~49%) yields which resulted in the 
renaissance of the 1,4-dihydropyrrolo[3,2-b]pyrroles.
[115,116]
  
 
Figure 1.14. Thieno[3,2-b]thiophenes and Pyrrolo[3,2-b]pyrroles. 
These molecular scaffolds were speculated to be active components in photonic or electronic 
applications.
[117–121]
 However, no evidence was documented in which DHPP derivatives served 
as electro active components. There is a significant knowledge gap in fine tuning the molecular 
framework to make them conducive to electronic or opto-electronic applications. The main 
advantages that highlight the choice of DHPP derivatives are: 
1. The smaller atomic radii of nitrogen atom should probably result in more precise 
assembly of the molecules through better intermolecular interactions.  
2. NH-π interactions are speculated to enhance bidirectional electronic coupling between the 
donor and acceptor fragments. 
3. As discussed previously, pyrrole is a better electron donor when compared to thiophene 
and furan based analogues. This is of immense interest to develop D-A based push-pull 
molecules with fused pyrroles as the central core. 
4. Finally, unlike oxygen in furans or sulfur in thiophene, the nitrogen in pyrroles can be 
functionalized to enable the introduction of additional functional groups (while retaining 
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aromatic property) to control polarity and/or solubility which are crucial when considering 
solution based processing techniques. 
It would be interesting to see if the material can be tuned to display different electronic 
properties than the ones inherent to the molecule. To the best of author’s knowledge, DHPP 
derivatives have not been investigated for electronic and opto-electronic applications till date and 
this served as a motivation to pursue present research as 1,4-dihydropyrrolo[3,2-b]pyrroles have 
the potential to exhibit superior thermal and oxidative stability, tuneable opto-electronic 
properties when compared to thieno[3,2-b]thiophene analogues.     
1.9 Research questions and objectives 
This PhD program primarily focuses on the development and investigation of 1,4-
dihydropyrrolo[3,2-b]pyrrole derivatives for electronic and opto-electronic applications. Based 
on the critical review of current literature and discussions presented in preceding sections, the 
author found that several research questions needed to be addressed to achieve the goal of this 
research program. The research questions, goals, and objectives set by the author to address the 
questions are briefly discussed and presented below: 
1. Can organic materials based on 1,4 dihydro pyrrolo[3,2-b]pyrroles exhibit: 
      - Good oxidative stability which removes the need to encapsulate the devices. 
      - Good thermal stability which is greater than 300°C. 
      - Tuneable opto-electronic properties to modulate device performance. 
Molecular engineering will be employed to investigate whether materials with superior 
oxidative and thermal stability can be developed using structural modifications. The 
thermal stability of the material is dependent on intermolecular interactions while the 
opto-electronic properties depend on the strength of conjugation in the molecular 
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framework. Fine-tuning the molecular structure should result in good thermal stability as 
well as desirable optical and electronic properties.  
2. Can the synthesized materials demonstrate reliable switching properties that can mimic 
the behaviour of RAM, ROM or WORM based memory devices? Also, is the device 
performance a confluence of chemical structure and resulting molecular interactions?  
The synthesized molecules will be tested to evaluate whether they can demonstrate any 
memory storage properties or not. A vertical sandwich configuration will be adapted 
throughout the thesis to evaluate the performance of these materials.   
3. Were the synthesis and device fabrication protocols reliable and reproducible? Are the 
devices stable without encapsulation? 
The reliability and reproducibility of the developed protocols will be critically 
investigated by multiple batch synthesis and device performance evaluation. 
4. As the materials in use are classified as semiconductors, can the optical properties and 
electronic properties be coupled for an opto-electronic application? 
Appropriate protocols will be employed to investigate whether the materials can be 
exploited for opto-electronic applications based on their unique optical and electrical 
properties. 
5. Is it possible to have a control over electrical parameters like threshold voltage Vth , 
ON/OFF ratio, retention time and low dark currents (opto-electronic application) ratio by 
modifying the chemical structure of the molecule?  
As mentioned previously, a vertical sandwich configuration will be adapted through the 
thesis to evaluate the performance of these materials. Critical electrical parameters like 
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threshold voltage Vth, ON/OFF ratio, retention time, endurance will be investigated and 
factors influencing the parameters will be monitored to improve the device performance. 
6. Does the stability and lifetime of the device fabricated depend on the material or 
fabrication protocols? For example, does encapsulating the device and employing 
controlled operating conditions like N2 instead of ambient conditions help to improve the 
life time and stability? 
This PhD work was primarily focussed at developing materials and fabrication protocols 
to minimize the usage of clean room facilities. The materials and devices assessed were 
devoid of encapsulation and operated in atmospheric ambient conditions. However, a 
possibility to improve the life time and stability via encapsulation and testing in 
controlled environment is not ruled out and the author suggests considering these factors 
into account for future research undertakings.  
1.10 Achievements 
The achievements/accolades of the author during this PhD candidature include, 
Publications (See Appendix B for details) 
Two articles accepted in prestigious and high impact ISI journals 
 Ram Kumar et.al, J. Phys. Chem. C 2016, 120, 11313–11323 (IF:4.54) 
 Ram Kumar et.al, ACS Appl. Mater. Interfaces, 2017, 33, 27875-27882 (IF: 7.51) 
 Ram Kumar et.al, (part of the thesis) Submitted to ACS Nano (IF: 13.9) 
Conference papers/abstracts/proceedings (See Appendix B for details) 
 Oral presentation (and proceedings):  
1) European Materials Research Society (E-MRS), spring meeting 2017, Strasbourg, 
France 
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 Poster presentation: 
1) Enhancing Capability Platforms (ECP), 2017, Melbourne, Australia 
2) “CHEMECA”, 2017, Melbourne 
3) ACS Meeting, 2017, Melbourne, Australia. 
Awards/accolades 
 Higher Degrees by Research (HDR) Travel grant to attend European Materials Research 
Society (E-MRS) spring meeting 2017, Strasbourg, France. 
 HDR Publication incentive for quality research publication 
1.11 Thesis organization 
This PhD thesis provides a systematic progression of the research conducted by the author 
during his PhD program. The thesis details the applications of 1,4-dihydro pyrrolo[3,2-b]pyrrole 
derivatives for the first time and contributes to the advancement of organic semiconductor 
materials. Overall, this thesis contains 8 Chapters and 1 Appendices with appropriate references. 
Chapter 1 provides a brief description on organic semiconductor basics, working principles and 
followed by applications relating to the thesis. Further, the authors motivation and objectives to 
carry out his research in the field of organic resistive switching and organic photodetectors is 
outlined and justified. In addition, this chapter also highlights the authors` contribution to the 
existing body of scientific knowledge and his achievements. 
Chapter 2 contains a brief description to the experimental techniques used during the PhD 
program. 
In Chapter 3, the protocols used for synthesizing 1,4 dihydro pyrrolo[3,2-b]pyrrole derivatives 
and the chemical characterizations are presented. 
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Chapter 4 provides details the device design and fabrication protocols for constructing vertically 
sandwiched two terminal devices. This chapter also describes the experimental setup utilised for 
evaluating memory performance and opto-electronic properties.  
Chapter 5 describes the effect of altering terminal acceptor groups (substituents) in the A-π-D-
π-A configuration and its influence on optical, electrochemical and memory performance. 
Furthermore, the plausible mechanism behind the observed electrical transition is unravelled 
with aid of in-situ physicochemical characterizations.   
Chapter 6 starts by comparing the effect of π-spacer replacement in the A-π-D-π-A structure to 
its predecessors. The pronounced changes resulting from altering the π-spacer is discussed in 
detail. Also, this chapter showcases the ‘nano-scale’ data storage prospects of this material and 
its potential implications. 
Chapter 7 discusses the versatile applications of the material developed in chapter 6. The 
devices are tuned to exhibit dual applications; a diode mode and a mem-resistor mode for 
memory storage applications. The diode is effectively exploited to develop a broad band optical 
sensor (opto-electronic applications). The opto-electronic characterizations and sensing results 
are presented and discussed in detail.  
Finally, chapter 8 summarizes the thesis and approaches undertaken to realize the research 
objectives. Future research undertakings in the field of organic electronics involving DHPP 
derivatives are discussed in this chapter. 
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Chapter 2 
 
 
 
 
Characterization techniques  
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter provides a brief summary on the characterization techniques and principles used 
for this PhD thesis.  
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2.1. Introduction 
 This thesis involves the study of 1,4-dihydropyrrolo [3, 2 –b] pyrroles (DHPPs) as active 
components for organic electronic and opto-electronic applications. This chapter encompasses 
physical and materials characterization techniques employed in this research work and provide a 
basic description of the operating principles behind each characterization technique used by the 
author during the due course of this thesis. The physical, chemical and electrical characterization 
methods comprise of optical and electrochemical techniques, which include: UV-Visible 
spectroscopy, cyclic voltammetry (CV), chrono-amperometry (transients), and electro-chemical 
impedance spectroscopy (EIS). The developed thin-films were further evaluated by materials 
characterization techniques like scanning electron microscopy (SEM), atomic force microscopy 
(AFM), X-Ray diffraction (XRD) and profilometry. 
2.2. UV-Visible Spectroscopy (UV-Vis) 
Energy absorbed across the UV and visible region of the electro-magnetic spectrum results in 
the electronic excitation of the molecule, and hence the changes in the resulting spectrum can be 
tracked to characterize the optical properties of the material. The relationship between the 
frequency (υ), wavelength (λ) and energy absorbed during an electronic transition is given as:  
𝐸 = ℎ𝜈 = ℎ𝑐/𝜆  ,  Eq 2.1 
where E is Energy of the absorbed radiation, h is Planck’s constant (6.62x10-34 J.s), c is the 
velocity of light (3x10
8
 m.s
-1
), and λ and 𝜈 is the frequency and wavelength of the radiation.  The 
energy absorbed is directly related to the energy difference between ground state and excited 
state of the molecule being probed; the smaller the difference the larger the wavelength of 
absorption. The electronic absorption band is mainly characterized by its position and intensity. 
While the position of an absorption band is dependent on the wavelength of radiation causing an 
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electronic transition, the intensity depends on probability of interaction between the radiation 
energy and the chromophore. The absorbance (A) of the band is often characterized using Beer-
Lambert’s law which is given by the equation: 
𝐴 = 𝜀𝑐𝑙 ,  Eq 2.2 
where, A is the measured absorbance, ε is the molar absorptivity coefficient and l is the path 
length of the cell. UV-Vis Spectroscopy is a powerful tool for the characterization of conjugated 
organic molecules as the extent of the absorption of a chromophore strongly depends on the 
strength of conjugation and to an extent on the solvent (solvato-chromism). Optical absorption 
feature of organic materials can be explained on the basis of excitation of the electrons from 
Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital 
(LUMO). The information acquired from solution state and solid state absorption spectra gives a 
detailed picture on the optical absorption, the effect of molecular aggregations and its influence 
on optical absorption. In this PhD thesis, the solution state and solid state UV-Vis studies were 
carried out on Shimadzu UV-1800 spectrophotometer with a resolution of 1 nm over a 
wavelength range of 200-900 nm. 
2.3. Electrochemical characterization 
The basic operating principles of cyclic voltammetry (CV), chrono-amperometry, 
electrochemical impedance spectroscopy (EIS) are discussed in the following sections. 
2.3.1 Cyclic voltammetry (CV) 
Cyclic voltammetry (CV) is one of the widely used electrochemical techniques to characterize 
the redox (reduction-oxidation) behaviour of an analyte. The experimental setup constitutes a 
three electrode system: working electrode (WE), reference electrode (RE) and counter electrode 
(CE) which remain in contact through the electrolyte containing an auxiliary species to promote 
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conductivity. In a typical experiment, the potential of working electrode is ramped linearly versus 
time and the slope gives the scan/slew rate. The potential is measured between working electrode 
and reference electrode, whilst the current is measured between working electrode and counter 
electrode. In contrast to linear sweep voltammetry (LSV), after the desired set potential is 
reached, the WE's voltage is ramped in the reverse direction to revert to the initial potential. 
These to and fro ramping cycles may be repeated multiple times to analyze the redox behaviour. 
A current versus applied potential generates a CV curve which is presented in Figure 2.1.  
 
Figure 2.1 a) potential versus time plot and b) a typical cyclic voltammogram. 
As seen in Figure 2.1, in the first forward scan, (from t0 to t1) if the applied voltage is more 
positive, it results in the generation of an anodic current (ipa) due to the generation of oxidized 
species and the depletion of oxidized species at the electrode reduces the anodic current. In the 
backward scan, when the polarity of the voltage is reversed, the oxidized species is reduced back 
to its pristine state and generates a cathodic current (ipc) in the process until the reducible species 
depletes at the working electrodes surface. The more reversible a system is, the equal the anodic 
and the cathodic currents look. Also, the analytes are classified into reversible, quasi-reversible 
and irreversible systems depending on the separation between anodic and cathodic currents.  
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For an ideal one electron
 
reversible system, the difference between two peak potentials 
pertaining to their respective peak currents is ~59 mV, and the ratio of their respective peak 
currents equals to unity. Sometimes, the experimental values observed can be greater and may 
approach 70-80 mV, which is attributed to the rate of electron transfer and dynamics of the 
system under study. For quasi reversible and irreversible systems, ipa/ipc ≠1 and such systems 
display asymmetric anodic and cathodic peak shapes. Such deviations from unity are ascribed to 
chemical reactions triggered during the electron transfer resulting in generation of transient 
reactive species, which are capable of undergoing complex reactions like isomerization, 
dissociation, and association events.
 [1]
 
2.3.1.1 Solvent effects 
Cyclic voltammetry can be conducted using a variety of solvents: aqueous or non-aqueous 
(organic solvents). The solvent should be non-reactive within the potential window used and thus 
eliminate the interference with the analyte under study. The solvent may dissolve the anlayte and 
electrolyte which is usually taken at higher concentrations to promote conductivity. Some of the 
widely used organic solvents for CV are acetonitrile, dichloromethane (DCM), 
dimethylformamide (DMF), or propylene carbonate. For aqueous based solution, the 
requirements are less specific; however the major issues that are typically encountered are 
interfering redox reactions from the solvent. These can be solved by changing the potential 
window or replacing the solvent. In the case of this work anyhydrous dicholoromethane (DCM) 
was used for all the experiments. 
2.3.1.2 Role of electrolyte 
The function of the electrolyte is to ensure good electrical conductivity and minimize the 
Ohmic (IR) drop and keep the recorded potential as close as possible to the actual potential. For 
aqueous based solution, alkali metal salts of perchlorate/nitrate are widely preferred, whereas the 
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ranges of electrolytes available for non-aqueous/organic solvents are limited. The popular choice 
of electrolyte for organic solvent systems is tetrabutylammonium hexafluorophosphate ("TBAF"). 
In the case of this work tetrabutylammonium hexafluorophosphate ("TBAF") was used for all the 
experiments. 
2.3.1.3 CV for organic semiconductors 
Cyclic voltammetry (CV) is one of the most useful and powerful tools to characterize the 
energy levels and reversible behaviour of organic semiconductors, which determines their 
suitability towards application as active components in electronic devices. In case of organic 
semiconductors, determining the HOMO and LUMO energy levels is a fundamental step to 
create active electronic devices. From CV experiments, the energy required to remove an electron 
(ionization potential) i.e., the oxidation process can be correlated to the HOMO and the energy 
required to give an electron to the system (electron affinity) can be related to LUMO of the 
system. The calculated onset oxidation and reduction potentials are referenced to ferrocene 
energy levels (-4.4 eV) which are widely known reference to estimate the HOMO and LUMO 
levels with respect to vacuum.
 [1]
 The equations used for calculating HOMO and LUMO are 
given as:  
EHOMO = - 4.4- EOx Onset ,  Eq 2.3 
ELUMO =  - 4.4- Ered Onset , Eq 2.4 
The HOMO and LUMO energy levels estimated using this technique is crucial for the choice 
of active electrodes which governs the overall charge transport behaviour in the system.  
2.3.2 Chrono-amperometry 
Chrono-amperometry technique is used in transient response experiments, where the dynamic 
behaviour of the system is monitored as a function of voltage or current. During chrono-
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amperometry studies, the working electrode is maintained at a constant potential or stepped 
resulting in a faradaic current at the electrode which is monitored as a function of time. The 
information pertaining to the identity of the electrolysed species can be obtained from the peak 
oxidation current to peak reduction current ratio. However, as noticed in all pulsed techniques, 
high charging currents initially produced during the chrono-amperometry method decay 
exponentially with time as seen commonly in the RC circuit. The experiment is generally 
investigated using a three electrode configuration but can also be carried out in a two electrode 
configuration. As the current is integrated over longer time intervals, chrono-amperometry gives 
a better S/N ratio (signal to noise ratio) in comparison to other amperometric based techniques. 
For the studies conducted in this thesis, chrono-amperometry has been used to characterize the 
dynamic photo-response behaviour of the developed thin films. The photo signal is measured as 
current generated by the system as a function of time at a constant potential. The incoming light 
signal can be modulated either as a continuous signal or a pulsed signal. All the chrono-
amperometry experiments were performed on an ivumstat electrochemical workstation and 
detailed experimental protocols are provided in chapter 4, section4.3.1. 
2.3.3 Electrochemical impedance spectroscopy (EIS) 
EIS analysis is a powerful tool to characterize the electrochemical and dielectric properties of 
the material. The impedance measurements were used to characterize the different resistive states 
observed in the system and the physical process governing the electrical transition. In general, the 
AC theory uses impedance instead of resistance which is generally defined using Ohms law. 
Ohm`s law is considered as one of the most important and fundamental laws of physics. This law 
defines the relationship between voltage, current and resistance and is mathematically 
represented by the equation, V=IR.  Although this relationship is well known, it is limited to an 
ideal resistor wherein the resistance is independent of frequency and follows ohms law at all 
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current and voltage levels.
[1]
 However, under real world conditions, the circuit behaviour is 
complex and contains many more elements which required the use of impedance measurements 
instead of resistance. Unlike resistance, impedance is not limited by the simplifying properties 
and is dependent on frequency and phase.  
During electrochemical impedance spectroscopy measurements, alternating (AC) excitation 
potential is applied to the working electrode and the current is measured through the counter 
electrode. If a sinusoidal potential excitation is assumed to be applied, the response observed to 
this applied potential is an AC current signal. This current signal can be evaluated as a net sum of 
sinusoidal functions. EIS is normally measured using a small perturbation AC signal which is 
either potentiostaic or galvanostatic. The AC excitation signal expressed as the function of time is 
given as: 
𝐸𝑡 = 𝐸𝑜sin⁡(𝜔𝑡) , Eq 2.5 
In which Et is the potential at a given time t, Eo is the signal amplitude and ω is the radial 
frequency, which in turn is expressed as:  
𝜔 = 2𝜋𝑓  , Eq 2.6 
As the current response in the linear system is shifted in phase (ϕ) and has a different amplitude Io, 
the equation is given as   
𝐼𝑡 = 𝐼𝑜sin⁡(𝜔𝑡 + 𝜙), Eq 2.7 
This is done to ensure that the cell's response remains pseudo-linear. In general, a linear (or 
pseudo-linear) system displays the current response to the applied sinusoidal potential at the same 
frequency however, phase shifted as shown in Figure 2.2. 
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Figure 2.2 The current and voltage responses with respect to a sinusoidal excitation in linear systems. 
Using these expressions the ohms law can be re-written as:  
𝑍 = ⁡
𝐸𝑡
𝐼𝑡
=
𝐸𝑜 sin(𝜔𝑡)
𝐼𝑜 sin(𝜔𝑡+𝜙)
  , Eq 2.8 
Therefore, impedance is generally expressed in terms of Zo and phase shifted ϕ 
Using the Eulers relationship:  
𝑒𝑗𝜙 = 𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙,  Eq 2.9 
The potential and current responses can be described using following equations: 
𝐸𝑡 = 𝐸𝑜𝑒
𝑗𝜔𝑡 , and   Eq 2.10 
𝐼𝑡 = 𝐼𝑜𝑒
(𝑗𝜔𝑡−𝜙),     
 
Eq 2.11 
The equation for impedance can be described using the following equation: 
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𝑍(𝜔) =
𝐸
𝐼
= 𝑍𝑜𝑒
𝑗𝜙=⁡𝑍𝑜(𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙) , Eq 2.12 
The expression for Z(ω) comprises of a real and an imaginary part. A plot is obtained by 
plotting real versus imaginary component which is called as a “Nyquist Plot” (Figure 2.3). 
Generally, the impedance spectrum is obtained by sweeping from higher frequency domain to 
lower frequency domain. Apart from Nyquist plots, other common representations are bode plots 
and cole-cole plots which deal with the phase and dielectric properties of the material. In general 
EIS is typically used to characterize the elements such as inductor, capacitor and resistor in a 
circuit. Also, EIS is a powerful tool to characterize physical processes like electrolyte/electrode 
resistance, double layer capacitance, diffusion, charge transfer resistance and polarization 
resistance.  
In this PhD project, the impedance measurements were used to characterize the different 
resistive states observed in the system and the physical process governing the electrical transition. 
The experiments using the cyclic voltammetry, linear sweep voltammetry, electrochemical 
impedance spectroscopy measurements discussed in chapter 5 and 6 were carried out on Zahner 
Zennium electrochemical work station, whereas the chrono-amperometry and related 
electrochemical measurements mentioned in chapter 7 were carried out on Iviumstat 
electrochemical workstation. The detailed experimental procedures are discussed in device 
fabrication and experimental setup (chapter 4, section 4.2.2). 
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Figure 2.3 A typical complex plane Nyquist plot obtained by plotting real and imaginary components. 
2.4. Material characterization 
The material characterization techniques used to evaluate the developed thin films were 
scanning electron microscopy (SEM), X-ray Diffraction (XRD), atomic force microscopy (AFM), 
and surface profilometry, which are discussed in the following subsections. 
2.4.1 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy was used to image the sub-micron particles using an electron 
beam with much smaller wavelength and magnetic lens as opposed to optical lenses in optical 
microscopy. The electron beam provides an advantage to control the wavelength of the beam by 
tuning the acceleration voltage used in the microscope. The wavelength of the electron beam is 
typically in Angstroms, thus rendering a high resolution image, which makes electron 
microscopy an attractive candidate for imaging sub-micron/nano-sized particles. 
 Scanning electron microscope (SEM) belonging to the class of electron microscopy 
techniques, provides information regarding the surface topography/morphology of the 
materials/thin films. In SEM, an electron beam is emitted from a gun which can either be a 
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thermionic emitter or a field emission gun (FEG). The emitted electron beam with an energy in 
the range of 0.2 to 40 keV is focussed in the microscope column using condenser lens. The 
position of the electron beam on the sample is controlled using deflector lens which provides the 
ability to carry out raster scanning. The incident electron can have various interactions with the 
matter/surface under study as shown in Figure 2.4. Electron interaction with materials can result 
in various phenomena like visible light/ x-ray emissions, backscattered electrons (BSE), 
diffracted electrons and low-energy secondary electrons (SE).
[2-4]
 Amongst these, BSE and SE 
are the most common methods used to image to produce pseudo 3-dimensional SEM images. 
Mostly, the electron-matter interactions can be classified as elastic or inelastic interactions. 
The elastic scattering of the incident electron beam can be either reflected or back-scattered. 
This feature can be utilikzed to image heavier elements which show contrasting representation in 
the image as the back scattered electrons for heavier elements are different when compared to 
lighter elements. In inelastic scattering, a part of the incident electrons can impart its energy to 
the atom resulting in ionization of the atoms on the surface. This ionized electron with small 
kinetic energy (~5 eV) is referred to as secondary electrons. 
 
Figure 2.4. An illustration of Electron-matter interactions (Ref 2). 
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A high energy incident beam can generate numerous ionized electrons which have a short free 
path. Since the secondary electrons are pre-dominantly obtained from the surface the microscopy 
gives detailed information pertaining to topology of the sample. These secondary electrons are 
collected through a “collector”, which is positively charged and located at the front of the 
detector where the secondary electrons are collected to create a pseudo-image of the sample seen. 
In this thesis, SEM analysis of all the samples/thin films were performed on a JEOL 7610F, field 
emission scanning electron microscope which was operated at an accelerating voltage of 10 kV, 
with a spot size of 3 nm, and a working distance of  8 mm.  
2.4.2 X-ray Diffraction 
X-ray diffraction is one of the most powerful tools to characterize and analyse crystal 
structures. The experimental setup consists of a X-ray source which produces a beam of 
wavelength (λ) in 0.1 to 3 Angstroms range in a hot cathode tube at high vacuum. The electrons 
emitted from the filament (source) by thermionic effect are accelerated due to the high-voltage 
difference between cathode and anode. The X-rays interacting with the crystalline materials 
containing periodic arrangement of atoms can undergo elastic scattering of resulting in 
destructive interference while some of the X-rays undergoing a constructive interference are 
diffracted. The X-rays undergoing constructive interferences can expressed using Bragg’s law [6]: 
2𝑑𝑠𝑖𝑛Ɵ = 𝑛𝜆,                                                                                                                        Eq 2.13 
In which d refers to crystallite plane spacing, θ is incident angle of X-ray, n is an integer and λ 
is the wavelength of the X-ray produced. Each material possesses unique crystal structure 
because of the special atomic arrangement in the lattices and diffracts X-rays in an unique way 
generating signature diffraction patterns. 
X-ray Diffraction experiments were performed using Bruker D8 Discover micro diffraction 
system with 0.02° step size and the instrument is equipped to carryout in-situ XRD analysis at 
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temperatures ranging from 30ºC to 250ºC (HT-XRD). The Cu Kα (40 kV, 40mA) was used as 
radiation source.  
2.4.3. Atomic Force Microscopy (AFM) 
The surface topological information can be studied in detail using atomic force microscopy 
(AFM) technique. In contrast to the electron microscope, the AFM generates a 3D surface 
image/profile. The AFM operates by sweeping a sharp tip (few nano-meter radii of curvature) 
across the surface of a sample. The tip is typically located on the top of a cantilever made from 
silicon or silicon nitride which oscillates at a specific frequency. The surface of the materials is 
subjected to raster scanning using a piezoelectric controller to produce a 3-dimensional image of 
the surface. As the tip approaches the surface of the film/material, it is deflected due to the 
interaction between the tip and the surface. The main modes widely used are contact mode, and 
tapping mode. In contact-mode, the tip is close contact to the sample and the changes in 
cantilever deflection is constantly monitored across the sample surface whereas in tapping mode 
AFM, the tip oscillates near the frequency of cantilever by small piezoelectric element present in 
the AFM tip.  
 
 
 
Figure 2.5. Schematic representation of AFM a) Illustration of tip-sample interactions in different modes 
b) AFM in tapping mode. 
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The oscillating tip “taps” the surface of the sample where the interaction between surface of the 
sample and the tip alters the amplitude of the oscillation. The force of the tip which is in 
intermittent contact with the sample surface is acquired to produce the topographical image of the 
surface of a sample. The tapping mode can be used for soft materials with minimal damage as 
compared to contact mode where the tip cause damage to the surface of soft material due to 
lateral forces.
 [7]
 
The schematic picture of AFM instrument along with a representation of tip sample 
interactions is presented in Figure 2.5. Albeit the data achieved regarding the topology of the 
materials is comprehensive in AFM major drawbacks like small area of the scan, lengthier scan 
times, and limitation/dependence of the data to the tip shape/size and sharpness is frequently 
encountered.  
In this PhD project, AFM was carried out using a Veeco dimension D3100 
and Bruker Dimension Icon AFM to assess the surface topology of the samples in tapping mode. 
The details regarding the peak force-tunneling (PF-TUNA) mode AFM for electrical 
characterization is provided in chapter 4, section 4.2.3. 
2.4.4 Surface profilometer                        
In profilometry, a sharp stylus which can measure vertical features ranging from 10 nm to 1 mm 
is moved laterally across the sample with a specific contact force. The small surface variations 
experienced by the tip as a function of position and distance generates an analogous signal which 
is digitalized and displayed as a plot of step-height versus scan distance. The radius of the stylus 
is generally in the order of 20 nm to 50 μm and the horizontal resolution is dependent on 
experimental parameters like scan rate and signal sampling rate.  
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The surface profilometry is used to determine the step height (thickness) of a thin film. All 
Surface profilometery measurement and analysis carried out during this PhD were carried out on 
KLA Tencor stylus profiler-p16. 
2.5 Conclusions 
This chapter has provided a brief summary to all the operating principles of physicochemical and 
materials characterization and the instrument models used for the research work. 
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Chapter 3 
Synthesis and characterization of quadrupolar A-π-D-
π-A 1,4-dihydropyrrolo[3,2-b]pyrroles  
 
 
This chapter details the synthesis protocols for a series of quadrupolar A-π-D- π-A tetra-aryl 
1,4-dihydropyrrolo[3,2-b]pyrroles as a function of terminal susbsituents and π-spacer 
bridging the donor and acceptor fragments. All the synthesized molecules were characterized 
using 
1
H NMR, 
13
C NMR, and HR-MS (ESI) to confirm the chemical structure. 
 
 
 
This chapter contains the synthesis protocols that were published along with the results presented 
in chapter 5, 6, and 7.  
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3.1 Introduction 
Conjugated small molecules (CSM’s) displaying unique optical and electrical properties have 
kept materials scientists and engineers fascinated over the last couple of decades.
[1] 
Their 
potential applications can be as diverse as organic photovoltaics (OPVs),
 [2,3] 
organic light 
emitting diodes (OLEDs), 
[4,5]
 organic field effect transistors (OFETs) 
[6,7] 
to organic resistive 
memory (ORMs) devices. 
[8,9] 
Recent advances in synthetic strategies, ease of purification, 
scalability have made organic materials cost competitive over conventional inorganic 
counterparts promising industrial viability.
 [10] 
Nevertheless, minor concerns regarding device 
performance, stability and life-time remains the roadblock to commercialization. 
Fused hetero-aromatic structures with a donor-acceptor (D-A) arrangement, commonly 
known as push-pull systems are an interesting class of CSMs that have garnered considerable 
attention in recent years.
 [6]
 Judicious choice of donor (D) and acceptor (A) fragments i.e."pick 
and impart" molecular designs offer rich structural flexibility to tailor the molecular framework.
 
[6]
 Tweaking the molecular backbone while exercising control at the molecular level with simple 
and smart synthetic strategies can effectively alter the intrinsic electronic character. Conventional 
p-/n-type semiconductor materials can be tuned appropriately to exhibit bipolar and/or ambipolar 
behavior.
 [11] 
Additionally, the planarity inherent in these systems imparts excellent structural 
ordering and crystallinity when processed as thin-films.
 [12]
 These underlying critical parameters 
associated with the organic molecule under study often determine the electro-active performance 
and suitability of the engineered device. 
Over the years various scaffolds with push-pull arrangements, such as, linear (D-π-A), 
quadrupolar (D-π-A-D or A-π-D-π-A) and octupolar/tripodal ((D-π)3-A or (A-π)3-D) have been 
well documented.
 [13] 
The extent of intra-molecular charge transfer (ICT) facilitated by the 
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delocalized π-electrons defines their unique opto-electronic properties and efficiency. Literature 
suggests that considerable attention in designing the push-pull systems have primarily focused on 
thiophene/oligothiophene scaffolds with modest attempts directed towards using furan as the 
core.
 [14] 
However, the concerns regarding electron mobility achievable in thiophenes and the 
chemical instability associated with furan derivatives have limited their scope.
 [14,15]
 The first 
successful synthesis of 1,4-dihydropyrrolo[3,2-b]pyrroles (DHPPs) reported in 1972 
[16] 
provided 
an exciting option to develop fused pyrrole systems as a promising alternative to furans and 
thiophenes. The hypothesis that NH-π interaction ensures conjugation of electrons in either 
direction, thereby increasing the charge mobility is an interesting proposition to explore further.
 
[15,17] 
Even so, the prospect remained largely unexploited owing to the lack of an efficient 
synthesis strategy. A simple one-pot-domino reaction to synthesize DHPP`s with relatively 
moderate yields developed by Gryko et al.
 
opened up renewed possibilities.
 [18]
 The scaffolds 
were projected as linear / non-linear optical materials
 [18,19]
 and for two photon imaging.
[18] 
Albeit, to the best of authors knowledge, DHPP`s have not been investigated as prospective 
active materials for electronic and opto-electronic applications prior to this work.  
3.2 Materials 
The materials; 4-nitro benzaldehyde, 3-nitro benzaldehyde, 4-cyano benzaldehyde, 4-chloro 
benzaldehyde and 2,3-butane dione 5- nitro thiophene 2- carbaxaldehyde, tin chloride dihydrate, 
and 4-butyl aniline were purchased from Sigma-Aldrich and used without further purification. 
Acetic acid was purchased from Finar chemicals. All the solvents used for the research work 
were of analytical grade.  
 
 
72 
 
3.2.1 Characterization 
All the synthesized derivatives were chemically characterized using 
1
H NMR (300 MHz and 
500 MHz), 
13
C-NMR-proton decoupled (125 MHz), Electron Spray Ionization Low Resolution 
Mass Spectrometry (ESI-MS) and High Resolution Mass spectrometry (HR-MS). 
1
H NMR, and 
13
C-NMR-proton decoupled were measured in CDCl3 using TMS as an internal standard. 
Chemical shifts are reported in parts per million (ppm). The following abbreviations were used 
to describe the peak multiplicities. S: singlet, d: doublet, t: triplet, m: multiplet. 
3.3 General synthesis protocol 
The synthesis procedure was adapted from the earlier reports by Gryko et al. 
[18] In 50 mL 
round-bottom flask equipped with a reflux condenser and magnetic stir bar, glacial acetic acid 
(15 mL) was added followed by the addition of arylamine (10 mmol), aldehyde (10 mmol) and 
TsOH (1 mmol). The mixture was heated at 90 °C with stirring for 30 min. Butane- 2,3-dione (5 
mmol) was slowly added and the resulting mixture was stirred at 90 °C for 3.5 h. The reaction 
mixture was then cooled to room temperature. The precipitate of the obtained molecule was 
filtered under vacuum and washed with cooled glacial acetic acid. Re-crystallization from ethyl 
acetate and vacuum drying yielded pure product. The schematic depicting the synthesis pathway 
is presented below for readers convenience in Scheme 3.1 
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Scheme 3.1 General synthetic protocol for the synthesis of DHPP derivatives. 
3.3.1 1,4-bis(4-butylphenyl)-2,5-bis(4-nitrophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (DNPP)  
 In 50 mL round-bottom flask equipped with a reflux condenser and magnetic stir bar, glacial 
acetic acid (15 mL) was added followed by the addition of 4-nitro benzaldehyde (10 mmol), 4-
butyl aniline (10 mmol) and TsOH (1 mmol). The mixture was heated at 90 °C with stirring for 
30 min. Butane- 2,3-dione (5 mmol) was slowly added and the resulting mixture was stirred at 90 
°C for 3.5 h. The reaction mixture was then cooled to room temperature. The precipitate of the 
obtained dye was filtered under vacuum and washed with cooled glacial acetic acid. Re-
crystallization from ethyl acetate and vacuum drying yielded pure product as deep wine red 
crystals, MP: 307.3 
o
C. 
1
H NMR (500 MHz, CDCl3) δ 8.06 (d, J = 9.0 Hz, 4H), 7.32 (d, J = 9.0 
Hz, 4H), 7.24 (d, J = 8.4 Hz, 4H), 7.18 (d, J = 8.4 Hz, 4H), 6.53 (s, 2H), 2.67 (t, 4H), 1.69 – 1.61 
(m, J = 15.4, 7.6 Hz, 4H), 1.45 – 1.35 (m, J = 14.7, 7.4 Hz, 4H), 0.97 (t, J = 7.4 Hz, 6H). 13C 
NMR (75 MHz, CDCl3) δ 145.4, 141.8, 139.5, 136.7, 135.1, 134.0, 129.5, 127.6, 125.2, 123.7, 
96.4, 77.4, 77.0, 76.6, 35.2, 33.5, 22.4, 13.9 HRMS: calculated for C38H36N4O4, M
+
: 613.28024. 
Found: 613.28093. Anal. calculated for C38H36N4O4; C 74.37, N 9.12, H 6.07, O 10.42; found C 
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74.59, N 9.16, H 6.38, O 9.87. The chemical characterizations pertaining to the synthesized 
derivative are provided in Figure 3.1 and 3.2. 
 
 
Figure 3.1 
1
H-NMR and 
13
C-NMR of DNPP. 
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Figure 3.2 HR-MS of DNPP. 
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3.3.2 1,4-bis(4-butylphenyl)-2,5-bis(3-nitrophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (DN3PP) 
 
 In 50 mL round-bottom flask equipped with a reflux condenser and magnetic stir bar, glacial 
acetic acid (15 mL) was added followed by the addition of 3-nitro benzaldehyde (10 mmol), 4-
butyl aniline (10 mmol) and TsOH (1 mmol). The mixture was heated at 90 °C with stirring for 
30 min. Butane- 2,3-dione (5 mmol) was slowly added to the resulting mixture which was stirred 
at 90 °C for 3.5 h. The reaction mixture was then cooled to room temperature. The precipitate of 
the obtained dye was filtered under vacuum and washed with cooled glacial acetic acid. Re-
crystallization from ethyl acetate and vacuum drying yielded pure product. As orange needle like 
crystals, MP: 208.4-208.7
o
C. 
1
H NMR (300 MHz, CDCl3) δ 8.13 (s, 2H), 7.98 (d, J = 8.1 Hz, 
2H), 7.43 (d, J = 7.9 Hz, 2H), 7.33 (t, J = 7.9 Hz, 2H), 7.24 – 7.14 (m, 8H), 6.50 (s, 2H), 2.65 (t, 
4H), 1.72 – 1.53 (m, J = 15.5, 7.6 Hz, 4H), 1.46 – 1.30 (m, 4H), 0.95 (t, J = 7.3 Hz, 6H). 13C 
NMR (126 MHz, CDCl3) δ 148.2, 141.6, 136.7, 135.1, 134.1, 133.4, 132.7, 129.5, 128.9, 125.2, 
122.6, 120.6, 95.4, 77.3, 77.0, 76.8, 35.2, 33.5, 22.3, 14.0 HRMS: calculated for C38H36N4O4, 
M
+
: 613.28002. Found: 613.28093. Anal. calculated for C38H36N4O4; C 74.37, N 9.12, H 6.07, O 
10.42; found C 74.70, N 9.06, H 6.38, O 9.86.The chemical characterizations pertaining to the 
synthesized derivative are provided in Figure 3.3 and 3.4. 
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Figure 3.3 
1
H-NMR and 
13
C-NMR of Compound DN3PP. 
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Figure 3.4 HR-MS of Compound DN3PP. 
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3.3.3  4,4'-(1,4-bis(4-butylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole-2,5-diyl)dibenzonitrile 
(DCNPP)  
In 50 mL round-bottom flask equipped with a reflux condenser and magnetic stir bar, glacial 
acetic acid (15 mL) was added followed by the addition of 4-Cyano benzaldehyde (10 mmol), 4-
butyl aniline (10 mmol) and TsOH (1 mmol). The mixture was heated at 90 °C with stirring for 
30 min. Butane- 2,3-dione (5 mmol) was slowly added and the resulting mixture was stirred at 90 
°C for 3.5 h. The reaction mixture was then cooled to room temperature. The precipitate of the 
obtained dye was filtered under vacuum and washed with cooled glacial acetic acid. Re-
crystallization from ethyl acetate and vacuum drying yielded pure product. Fluorescent 
yellowish-green needle like crystals, MP: 272.5 
o
C. 
1
H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 
8.5 Hz, 4H), 7.27 (d, J = 8.6 Hz, 4H), 7.22 (d, J = 8.3 Hz, 4H), 7.16 (d, J = 8.4 Hz, 4H), 6.47 (s, 
2H), 2.66 (t, 4H), 1.68 – 1.60 (m, J = 15.3, 7.5 Hz, 4H), 1.44 – 1.34 (m, 4H), 0.96 (t, J = 7.4 Hz, 
6H). 
13
C NMR (126 MHz, CDCl3) δ 141.5, 137.7, 136.8, 135.0, 133.4, 131.9, 129.4, 127.8, 
125.1, 119.1, 108.9, 95.9, 77.2, 77.0, 76.7, 35.1, 33.4, 22.3, 13.9 HRMS: calculated for 
C40H36N4, M
+
: 573.30059. Found: 573.30127. Anal. Calculated for C40H36N4; C 83.73, N 9.77, H 
6.50; found C 84.09, N 9.79, H 6.88. The chemical characterizations pertaining to the 
synthesized derivative are provided in Figure 3.5 and 3.6. 
 
 
 
 
 
 
80 
 
 
 
Figure 3.5 
1
H-NMR and 
13
C-NMR of Compound DN3PP. 
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Figure 3.6 HR-MS of Compound DCNPP. 
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3.3.4 1,4-bis(4-butylphenyl)-2,5-bis(4-chlorophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (DClPP) 
In 50 mL round-bottom flask equipped with a reflux condenser and magnetic stir bar, glacial 
acetic acid (15 mL) was added followed by the addition of 4-Chloro benzaldehyde (10 mmol), 4-
butyl aniline (10 mmol) and TsOH (1 mmol). The mixture was heated at 90 °C with stirring for 
30 min. Butane- 2,3-dione (5 mmol) was slowly added and the resulting mixture which was 
stirred at 90 °C for 3.5 h. The reaction mixture was then cooled to room temperature. The 
precipitate of the obtained dye was filtered under vacuum and washed with cooled glacial acetic 
acid. Re-crystallization from ethyl acetate and vacuum drying yielded pure product as off-white 
crystals, MP: 261.3 
o
C. 
1
H NMR (500 MHz, CDCl3) δ 7.20 – 7.10 (m, J = 8.7 Hz, 16H), 6.36 (s, 
2H), 2.63 (t, 4H), 1.68 – 1.58 (m, J = 15.3, 7.6 Hz, 4H), 1.44 – 1.33 (m, J = 14.7, 7.4 Hz, 4H), 
0.95 (t, J = 7.4 Hz, 6H). 
13
C NMR (126 MHz, CDCl3) δ 140.7, 137.3, 134.7, 132.1, 131.8, 129.1, 
129.1, 128.3, 125.0, 94.6, 77.2, 77.0, 76.7, 35.1, 33.5, 22.4, 14.0 HRMS: calculated for 
C38H36Cl2N2 M
+
: 591.23088 Found: 591.23283. Anal. calculated for C38H36Cl2N2; C 77.02, N 
4.73, H 6.29, Cl 11.96; found C 81.82, N 9.90, H 7.80, Cl 11.60. The chemical characterizations 
pertaining to the synthesized derivative are provided in Figure 3.7 and 3.8. 
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Figure 3.7 
1
H-NMR and 
13
C-NMR of Compound DClPP. 
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Figure 3.8 HR-MS of compound DClPP. 
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3.3.5 4,4'-(1,4-bis(4-butylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole-2,5-diyl)dianiline (DAPP) 
 
 In a 100 mL, 2-necked round bottom flask equipped with a reflux condenser and magnetic 
stir bar tin (II) chloride dihydrate (5.5g, 24.4 mmol) was added in THF (50 mL). The mixture 
was stirred and heated to reflux to obtain a clear solution. Compound 5 (1.5 g, 2.44 mmol, 3 
portions) was added slowly over 30 min to the refluxing solution. After the addition, the mixture 
was allowed to reflux for 3 hours. Then, 5 mL conc. HCl was added and the resulting solution 
was continued to reflux for 30 min and cooled to room temperature. The hydrochloride salt 
precipitated as an off-white solid during cooling. The mixture was further cooled to 15 °C and 
the precipitate was collected by vacuum filtration, washed with water (2 x 25 mL), and suction 
dried thoroughly. The hydrochloride salt was transferred to a 100 mL 2-necked round bottom 
flask equipped with magnetic stir bar and to which 50 mL of NaOH solution (2N) was added and 
stirred for 2 hours at room temperature. The compound was extracted with ethyl acetate (2 x 50 
mL) washed with brine and the combined layers of organic phase was dried over MgSO4. The 
solvent was removed under reduced pressure to afford Compound 1 as a pure pale brown solid 
(1.05 g, 78%). MP: 246.4-247.6 
o
C. 
1
H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 8.4 Hz, 4H), 7.13 
(d, J = 8.4 Hz, 4H), 7.01 (d, J = 8.5 Hz, 4H), 6.54 (d, J = 8.5 Hz, 4H), 6.26 (s, 2H), 3.62 (s, 4H), 
2.61 (t, 4H), 1.67 – 1.55 (m, J = 15.4, 7.6 Hz, 4H), 1.47 – 1.30 (m, J = 14.6, 7.3 Hz, 4H), 0.94 (t, 
J = 7.4 Hz, 6H).
13
C NMR (126 MHz, CDCl3) δ 144.5, 139.8, 137.9, 135.5, 130.6, 129.4, 128.8, 
124.9, 124.7, 114.9, 93.3, 77.3, 77.0, 76.8, 35.2, 33.5, 22.4, 14.0 HRMS: calculated for 
compound C38H40N4, M
+
: 553.32938. Found: 553.33257. Anal. calculated for C38H40N4; C 
82.42, N 10.11, H 7.46; found C 81.82, N 9.90, H 7.80.The chemical characterizations pertaining 
to the synthesized derivative are provided in Figure 3.9 and 3.10. 
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Figure 3.9
1
H-NMR and 
13
C-NMR of Compound DAPP. 
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Figure 3.10 HR-MS of compound DAPP. 
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3.3.6 1-(4-butylphenyl)-2,5-bis(5-nitrothiophen-2-yl)-4-(4-pentylphenyl)-1,4-
dihydropyrrolo[3,2-b]pyrrole (DNTPP)  
In 50 mL round-bottom flask equipped with a reflux condenser and magnetic stir bar, glacial 
acetic acid (15 mL) was added followed by the addition of 5-Nitro thiophene 2-carbaxaldehyde 
(10 mmol), 4-butyl aniline (10 mmol) and TsOH (1 mmol). The mixture was heated at 90 °C 
with stirring for 30 min. Butane- 2,3-dione (5 mmol) was slowly added and the resulting mixture 
was stirred at 90 °C for 3.5 h. The reaction mixture was then cooled to room temperature. The 
precipitate of the obtained dye was filtered under vacuum and washed with cooled glacial acetic 
acid. Re-crystallization from ethyl acetate and vacuum drying yielded pure product as greenish 
purple like crystals with a metallic lustre, MP: 279.3 
o
C. 
1
H NMR (500 MHz, CDCl3) δ 7.66 (d, J 
= 4.5 Hz, 1H), 7.34 (d, J = 8.3 Hz, 1H), 7.29 (d, J = 8.4 Hz, 1H), 6.57 (d, J = 4.5 Hz, 1H), 6.47 
(s, 1H), 2.74 (t, 1H), 1.74 – 1.65 (m, 1H), 1.47 – 1.38 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 
145.4, 141.8, 139.5, 136.7, 135.1, 134.0, 129.5, 127.6, 125.2, 123.7, 96.4, 77.4, 77.0, 76.6, 35.2, 
33.5, 22.4, 13.9 HRMS: calculated for C34H32N4O4 S2, M
+
: 625.19. Found: 625.185. Anal. 
calculated for C34H32N4O4 S2; C 65.36, N 8.97, H 5.16, O 10.24 S 10.26 ; found C 65.32, N 8.99, 
H 5.15, O 10.25 S10.26. The schematic depicting the synthesis pathway is provided in Scheme 
3.2 and the chemical characterizations pertaining to the synthesized derivative are provided in 
Figure 3.11 and 3.12. 
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Scheme 3.2. Synthesis of 5-nitrothienyl pyrrolo[3,2-b]pyrrole (DNTPP) derivative. The yield of the 
material obtained is 35% 
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Figure 3.11.
1
H-NMR and 
13
C-NMR of Compound DNTPP. 
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Figure 3.12. HR-MS of Compound DNTPP. 
3.4 Conclusions 
In this chapter, a total of 6 quadrupolar 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives were 
synthesized and their chemical characterization through 
1
H NMR,
13
C-NMR-proton decoupled, 
and High Resolution Mass spectrometry (HR-MS) were carried out to confirm the molecular 
structure. The application part of these materials is discussed in the further chapters. 
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Chapter 4 
Device fabrication and experimental setup 
 
 
This PhD program was undertaken in two organizations, Indian Institute of Chemical 
Technology (IICT) and RMIT University. The fabrication procedures for designing two-
terminal vertical sandwich devices and experimental setup to evaluate their memory 
performance and optical sensor responses undertaken at both the institutions will be discussed 
in this chapter.    
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4.1 Device design and fabrication  
Throughout this research program, a two-terminal test structure based on a Metal-Insulator-
Metal (MIMs) vertical sandwich configuration was utilized as shown in Figure 4.1. The same 
structure is used for evaluating both the memory behavior and optical sensing performance of the 
developed material(s). The bottom electrode is formed from a thin film of Indium-tin oxide 
(ITO) which is 130 nm thick. The top electrode was formed by thermally evaporating a thin film 
of Aluminium (Al) electrodes with controlled thickness. 
 
Figure 4.1. Schematic representation of a MIMs sandwich device. 
The fabrication of the MIMs vertical sandwich devices contain three major stages with several 
parameters to be considered during their development. In this section, the design and fabrication 
procedures of the devices used in this PhD program will be discussed. The prescribed health and 
safety measures were followed throughout the fabrication.  
4.1.1 Substrate and material section 
In this PhD work, ITO coated Polyenthylene-terphthalate (PET) substrates was opted as the 
bottom electrode and Al as top-electrode to create a vertical sandwich device of ITO/active 
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layer/Al configuration for all the experiments, unless specified. The choice of the metallic 
electrodes plays a critical role in determining the efficiency of charge carrier transport and 
charge collection/injection at the material-electrode interfaces in the device. The HOMO, LUMO 
levels and work function of the active electrodes used are considered to fabricate desired 
electrode configuration.  
4.1.2 Electrode patterning 
The ITO coated PET substrates were pre-cleaned with detergent and later sonicated sequentially; in 
acetone, distilled water, and iso-propanol prior to the patterning. This cleaning step ensures that the 
substrate is free of any contamination. The ITO layer on the PET substrate was patterned into desired 
dimensions using an acid resistant scotch tape. The un-masked part of the ITO is removed using wet-
etch process by employing Zinc (Zn) dust and 3N Hydrochloric acid (HCl). The patterned substrates 
are thoroughly rinsed with distilled water and later subjected to the cleaning procedure involving 
acetone, distilled water and iso-propanol. 
4.1.3 Synthesis of DHPP Derivatives 
A total of 6 DHPP derivatives were synthesized during the course of this research program. 
The specific details of the synthesis were discussed in Chapter 3 Sections 3.1 through to 3.3. 
The physico-chemical characterization of the organic materials used to deposit on the substrates 
are discussed in chapter 5, chapter 6 and chapter 7, respectively.  
4.1.4 Deposition of Organic semiconductors 
Among the most widely available deposition techniques, the DHPP derivatives were deposited 
over the ITO electrodes by a simple cost-effective method based on spin coating technique. In a 
typical experiment, a 1mL of Tetrahydrofuran (THF) solution containing 6mg of DHPP 
derivatives were prepared and 150µL of the DHPP solution was spin-coated onto the patterned 
ITO coated PET substrate at 1500 rpm for 30 s. Note that, depending on the homogeneity and 
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continuity needed to obtain a quality thin film, certain DHPP derivatives (chapter 5) need 
multiple layers of spin-coating. The thin films obtained are later annealed overnight at 80°C to 
ensure the film is devoid of traces of solvent and also to promote crystallinity. The spin 
parameters were optimized to obtain a uniform, seamless, continuous and pin hole free film. 
Various thicknesses were obtained by either changing the spin speed/concentration of the active 
material under study:  
 For DHPP derivatives discussed in chapter 5 i.e., DAPP, DClPP, DCNPP, DN3PP, and 
DNPP, derivatives exhibiting resistive switching has a thickness of 300nm as optimal 
range for reproducible and reliable device performance. Furthermore, device 
performances were studied as a function of varying thickness;120, 300, 450 and 600 nm, 
respectively. 
 In chapter 6 and 7, a thickness of ~55 nm was maintained to obtain optimal device 
performance. 
 
Figure 4.2. Schematic representation of fabrication procedure. 
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4.1.5 Evaporation of top-electrode 
As the PhD program was undertaken in two organizations, the author has accessed Vacuum box 
coater BC 300 for work completed in India and PVD-Kurt J. Lesker electron-beam evaporator 
(BAK-600) for work completed in Australia. Both these instruments were utilized to deposit the top 
metal electrode to fabricate the sandwich structure of the devices. The thickness of the metal film 
was selected to be 120 nm and in both cases could be accurately controlled by both machines. In 
most cases, Aluminum (Al) was the choice of top-electrode unless specified. A typical base pressure 
of 10-6 torr was set to achieve a uniform and continuous metal film. Deposition under low vacuum 
leads to a dis-continuous film with oxide impurities, which reduces the yield of functional device in 
batch to batch fabrication. The deposition rate was maintained at 3 Å.s
-1
 for fabricating all the 
devices. The metal evaporation was carried out at Nano-materials laboratory at Indian Institute of 
Chemical Technology (IICT) and Micro-Nano Research facility (MNRF) for deposition at RMIT 
University. 
The active area of device was determined through shadow mask designed for the studies. 
Layouts of the masks were generated using Tanners LEdit software in layout mode. This was 
exported to a standard gerber (.gbr) stream format and fabricated externally (SEEED studio, 
China) on an Aluminum substrate. The detailed information on active area optimization will be 
discussed in corresponding chapters. The reliability and reproducibility of device performance 
were validated over a minimum of N=20 devices. All fabricated devices were stored in 
atmospheric ambient conditions with no special care. 
4.2 Electrical characterization 
All electrical characterizations pertaining to memory performance were carried out on Zahner 
Zennium electrochemical work station equipped with a booster to access -10 to 10 V window. 
The workstation is accessed through a Thales Z3 software interface to carry out experiments. 
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The test cells were connected through the micro alligator clips to the workstation and tested in a 
faraday cage setup to eliminate electrical stray noise.  
4.2.1 Current density-Voltage (J-V) curves 
J-V characteristics, retention, and endurance (Write-Read-Erase-Read cycles) were obtained by 
applying bias (V) to the metal-electrode while the ITO remained grounded during all the 
electrical measurements. The software has a built in interface (PVI) to test the endurance of the 
devices in the Current-Voltage-Time domain. To ascertain the reproducibility J-V characteristics 
on a batch of ~N=20 independent devices were carried out under similar experimental 
conditions. The detailed test patterns for evaluating memory performance are discussed in the 
results section of each chapter.  
4.2.2 Alternating current (AC) Electrochemical impedance spectroscopy (EIS) setup 
EIS studies on the devices were carried out on zahner zennium workstation which is equipped 
with a Frequency Response Analyzer (FRA) with a range of 10μHz - 4MHz. The devices were 
isolated from electrical noise using a faraday cage set up. The impedance data were collected in a 
frequency sweep of 4 MHz to 500 Hz (4 points per decade) with fixed oscillating amplitude of 
10 mV. A DC bias relative to threshold is applied to induce OFF and ON state transition. 
4.2.3 Conducting-AFM (C-AFM) studies 
As the PhD project was carried out at IICT and RMIT, the author could access 
complementary and diverse infra-structure during his tenure at RMIT University. Conductive 
atomic force microscope (C-AFM) studies were carried out on Bruker- Dimension icon-
Atomic Force Microscope, and an extended PF-TUNA Module in ScanAsyst mode under 
ambient conditions.  Cantilevers (Antimony (n) doped Si, nominal k = 3 N/m, f0 = 75 kHz) 
with Pt-Ir coated tips (model SCM-PIT-V2) of ~20 nm radius was used for topographic 
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imaging, current mapping and current-voltage (I-V) measurements. The sample bias was set 
to 0 V before the tip engaged the surface to preclude any damage to the surface. The electrical 
measurements were carried out in open loop by applying bias to the tip while the sample 
coated on ITO remained grounded. The ITO electrode was contacted to the AFM chuck using 
the silver paste to complete the circuit. A compliance current of ±250 pA was set by adjusting 
the gain settings. The compliance current ensures that the current flowing through the tip is 
not high enough to damage the conducting tip and the cantilever. A scan rate of 0.8 Hz was 
opted to minimize the influence of parasitic capacitance effects arising from tip-sample 
interactions. The current generated as a function of position was recorded to generate a local 
current map with varying applied bias to the tip (1-6V). In addition to the current maps, 
topographic images of the same scanned area of the sample were obtained concurrently with a 
scan size of 10x10 μm2. Localized I-V traces at specific positions on the sample surface were 
carried out using the software’s inbuilt “point and shoot” feature.  The experimental setup is 
depicted in Figure 4.3. 
 
 Figure 4.3. A Schematic representation of C-AFM setup. 
4.3 Optical sensing experimental setup 
Current-Voltage (J-V) characteristics, photoresponse and time resolved photoresponse studies 
were carried on an Iviumstat workstation equipped with IVIUM software interface. The 
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experiments were conducted in a custom made photo-detecting chamber which isolates the 
device from external light. The LEDs in defined wavelength (365, 470, 525, 589, and 623 nm) 
with spectra half width better than 25nm were used for the optical studies after calibrating with  
 
Figure 4.4. Experimental setup for the optical sensing experiments. 
PM16-140 calibrated power meter from THORLABS in a special custom made dark chamber. 
The intensity of the LEDs was controlled by tuning the current required to drive the LED 
through an external power supply. The experimental setup is provided in Figure 4.4.  
4.3.1 Transient Photo-current measurements 
The transient photo-current measurements were obtained using the chrono-amperometry 
transients’ module. A homemade pulse generator was employed to obtain time resolved 
photoresponse signals. The pulses were defined by programming the pulse generator to define an 
OFF for 10 seconds and ON state for 5 seconds. The rise time and decay time of the sensors are 
calculated and discussed in detail in the corresponding chapters. The square pulse employed for 
the transient photocurrent measurements is shown in Figure 4.5. 
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Figure 4.5. Square pulse of the light signal for transient photocurrent measurements. 
4.4 Conclusions 
This chapter discusses the general design, fabrication protocols and electrical characterization 
methodologies of the two-terminal MIMs devices and a summary is provided below, 
 The ITO and Al were opted as bottom and top electrodes owing to their minimal Schottky 
barriers with respect to the active materials used. 
 A solution process technique (spin-coating) was adopted and showcased to highlight the 
cost-effective and inexpensive fabrication method applied in the research. 
 Furthermore, minimal attention was devoted towards preserving the devices with special 
care. All the devices were preserved in open air under ambient conditions. 
  Furthermore, electrical characterization of the fabricated MIMs type devices was performed 
in ambient air conditions to evaluate the memory performance of the developed materials.  
 A custom made system was utilized for carrying out the optical sensing experiments of the 
fabricated devices. 
102 
 
Chapter 5 
Effect of terminal substituents on the optical and 
electrical properties of quadrupolar A-π-D-π-A 1,4-
dihydropyrrolo[3,2-b]pyrrole derivatives 
In this chapter a comprehensive understanding of structure-property relationship for a series of 
quadrupolar (A-π-D-π-A) tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrrole (DHPP) derivatives is 
presented. Additionally the developed materials are showcased as potential organic resistive 
memory (ORM) elements. Rational interpretation of these findings strongly suggest that the choice 
and strategic positioning of terminal substituents within the DHPP derivative can significantly alter 
the nature of "charge traps" affecting the materials performance, and more importantly its 
behaviour, when functioning as the active material in a memory device.  
 
 
The research work and results presented in this chapter has been published as:  
Ram Kumar C.B., Rajnish Kumar, Samuel J. Ippolito, Suresh K. Bhargava, Selvakannan R. 
Perisamy,  Ramanuj Narayan, Pratyay Basak. Quadrupolar (A-π-D-π-A) Tetra-Aryl 1,4-
Dihydropyrrolo[3,2-b]pyrroles as Single Molecular Resistive Memory Devices: Substituent 
Triggered Amphoteric Redox Performance and Electrical Bistability. J. Phys. Chem. C 2016, 120, 
11313–11323”.  
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5.1 Introduction 
Organic resistive memory devices based on conjugated small molecules (CSMs) utilize the 
electrical bistability of the active materials to store data as high (OFF) and Low (ON) resistance 
states.
[1] 
The device can hence be programmed as "0" and "1" to encode digital memory in a cell. 
Charge transfer (CT) complexes owing to inter- / intra- molecular electron transfer under an 
induced electrical bias is responsible for triggering the change in resistivity. Depending on the 
stability of these CT-complexes, the absence or presence of trap states and their concentration with 
in the material can dramatically affect the behavior and performance of the device. It is possible to 
vary the devices behavior from acting as a volatile Static/Dynamic Random access Memory (S-
RAM, D-RAM) to non-volatile Write Once Read Many Times (WORM) and Rewritable flash 
memory devices.
[2] 
It is documented in literature that simple structural modifications, such as 
altering π-spacers (linkers), enhanced co-planarity in the conjugated backbone and/or changing 
substituent groups in the molecular framework are known to critically affect the electro-activity of 
the resulting molecules.
[3] 
The first successful synthesis of 1,4-dihydropyrrolo[3,2-b]pyrroles (DHPPs) reported in 1972
 
provided an exciting option to develop fused pyrrole systems as a promising alternative to furans 
and thiophenes.
 [4]
 A potentially interesting proposition to explore is the hypothesis that NH-π 
interaction ensures conjugation of electrons in both directions, which thereby increases the charge 
mobility. 
[5, 6] 
Even so, the prospect remained largely unexploited until 2013, owing to the lack of an 
efficient synthesis strategy which frequently resulted in poorer yields. In 2013, a simple one-pot-
domino reaction to synthesize DHPPs with relatively moderate yields was developed by Gryko et 
al. 
[7] 
which opened up new possibilities. Although Gryko’s group explored the new scaffolds as 
linear / non-linear optical materials
[8]
 they only speculated that their material could play an 
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important role as active components in organic field-effect transistors (OFETs).
[9] 
The molecules, if 
subjected to careful structural modifications, can be exploited for a resistive switching application. 
To the best of authors knowledge, DHPP`s have not been investigated as prospective organic 
resistive memory (ORM) devices until publication of the authors work which is further elaborated 
herein. 
Based on the rationale established, this chapter presents a series of tetra-aryl DHPP derivatives as 
a function of terminal substituents and showcases the feasibility of these materials as resistive 
switching elements. The study investigates in detail the role of terminal substituent groups (p-NH2, 
p-Cl, p-CN, p-NO2, m-NO2), on the optical and electrical properties of the resulting DHPP 
derivative. The experimental findings coupled with density functional theory (DFT) calculations 
provided pertinent clues in understanding the structure-property relationship of these organic 
moieties. A pronounced bathochromic shift in the absorption spectra of the 4-Nitro derivative 
probably is a direct manifestation of their quinoidal character leading to relatively smaller energy 
gap. Interestingly, the 3- and 4-nitro derivatives exhibit amphoteric redox (bipolar) behavior 
contrary to literature reports on intrinsic donor characteristics of DHPPs.
 [7]
 These amphoteric redox 
traits are reported by the author for the first time. As a logical culmination to this observation, 
efforts have been directed to demonstrate the possibility of utilizing these derivatives as single 
molecule memory elements. Encouragingly, both 3- and 4-Nitro derivatives displayed impressive 
non-volatile memory performance with reasonable endurance and retention time. Literature reveals 
that structural isomers have rarely been studied to identify the effects of substituent positions on the 
device behavior and memory performance.
[9, 10] 
Additionally, the position of terminal substituents 
has a significant impact which is evident from the contrasting behavior of the 3- and 4-nitro 
derivatives (DN3PP, DNPP). While DN3PP exhibits a rewriteable flash memory characteristic, its 
structural isomer DNPP exhibited WORM memory behavior.  
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5.2 Material synthesis 
This chapter is primarily aimed at providing insights into the structure property-device performance 
of DHPP derivatives as a function of terminal substituents. In total five different DHPP derivatives 
are presented and studied in this chapter. The synthesis protocols, methodologies, and chemical 
characterization of all the materials i.e., DAPP, DClPP, DCNPP, DN3PP and DNPP are presented 
in chapter 3, section 3.3. The chemical structures of all the derivatives are presented below in 
Figure 5.1 for readers’ convenience. Note that, the terminal substituents are altered based on the 
strength of electron withdrawing groups p-NH2< p-Cl< m-NO2 < p-CN < p-NO2,  
 
 
Figure 5.1.Chemical structures of the synthesized DHPP derivatives; DAPP, DClPP, DCNPP, DN3PP, 
DNPP. 
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5.3 Results and Discussion 
The synthesized derivatives are subjected to initial studies to determine their optical and electro-
chemical behaviors. The following section encompasses optical and electrochemical studies 
followed by device fabrication and performance evaluation followed by a dedicated discussion on 
the plausible mechanism. 
5.3.1 Optical and Electrochemical Properties 
A series of tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrroles with varying terminal substituent groups (p-
NH2, p-Cl, p-CN, p-NO2, m-NO2) have been synthesized following the protocols discussed in 
chapter 3 section 3.3. The absorption spectra of 10μM DHPP derivatives in tetrahydrofuran (THF) 
are shown in Figure 5.2. UV-Vis absorption spectra were recorded in both solution (Figure 5a) and 
solid state (Figure 5b) to understand molecular transitions (-*) and change in inter-molecular 
interactions when deposited as thin films. As observed from the absorption spectra, with an increase 
in electron-withdrawing ability of the terminal substituent and extended conjugation, a progressive 
bathochromic (red) shift is observed both in the solution and solid state (thin film) absorption 
spectrum. In particular, the 4-nitro phenyl derivative (DNPP) exhibited a pronounced red shift 
having broad absorption at λmax ca. 479nm in THF. The observation is similar to earlier reports on 
dinitro derivatives of oligothiophenes,
 [11] 
wherein the quinoidal contribution is ascribed to play a 
key role. In the present study, a contrary observation for 3-nitro phenyl derivative (DN3PP) with a 
λmax at ~362nm, lends added credence to this argument. The significant blue shift in absorption for 
DN3PP is a direct consequence of constrained conjugation. It is rationalized that quinoidal forms 
lead to a more polarized excited state that is supported by theoretical studies as well. Further, when 
compared to other analogues the relatively broad absorption band observed for the p-substituted 
dinitro derivative (DNPP) suggests a strong intra-molecular charge transfer (ICT) within the 
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system.
1
 Similar trend is retained in the solid state studies, with an additional shoulder appearing at 
the higher wavelengths of DNPP and DCNPP indicating the effects of molecular aggregations.
[12]
 A 
significant red shift in the onset of the absorption band edge owing to these intermolecular 
interactions is evidenced. The onset of the solid-state absorption spectra were considered for 
estimating the optical band gaps (E𝑔
opt
) of the DHPP derivatives and are summarized in Table 5.1. 
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Figure 5.2. Electronic absorption spectra of compounds: (a) in THF solution (10μM); (b) as thin films spin 
coated on quartz substrates;(c) cyclic voltammetry of DHPP derivatives obtained in anhydrous DCM with 
0.1 M TBAPF6 as supporting electrolyte at a scan rate of 50 mV.s
-1
. 
The electrochemical window and redox behavior of these materials were assessed using detailed 
cyclic voltammetry (CV) studies. Typically, CV measurements were carried out in anhydrous 
dichloromethane (DCM) containing 0.1 M tetra butyl ammonium hexaflurophosphate (TBAPF6) as 
supporting electrolyte with glassy carbon as working electrode (WE), platinum wire as counter 
electrode (CE) and Ag/AgCl as reference electrode (RE). Representative voltammetry scans within 
the electrochemical potential window (±1.5 V) obtained at 50 mV.s
-1 
sweep for the derivatives are 
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presented as stack plots in Figure 5.2c. As observed, molecules DAPP, DClPP and DCNPP exhibit 
only one reversible redox wave in the positive potential window characteristic of electron rich fused 
pyrroles (DHPP donor). The p- and m-nitro-substituted derivatives, DNPP and DN3PP displays 
reversible redox behavior in both positive and negative potential windows as expected of nitro 
derivatives. 
Table 5.1.. a)Vs Ag/AgCl in anhydrous CHCl2 with 0.1M TBAP as supporting electrolyte at a scan rate of 
50 mV.s
-1
. b)Electronic absorption spectra recorded in dilute THF solutions; Wavelength in nm. c) HOMO 
and LUMO energy levels calculated from cyclic voltammetry using Ferrocene/Ferrocenium redox couple as 
an external standard. d)  E𝑔
EC = HOMO
EC
- LUMOEC. e) Calculated from the 𝜆onset of thin films spun casted 
onto quartz substrates (𝐸𝑔 = 1240/𝜆onset). f)  LUMO
opt calculated from the difference between HOMO 
EC 
and E𝑔
opt
. 
 
The current density observed in CV plots also indicate that compounds DNPP and DN3PP are 
potentially better acceptors, which correlates well with observations made by Gudieka et al.
[13] 
To 
the best of authors’ knowledge, such an observation is hitherto undocumented for 1,4-
dihydropyrrolo[3,2-b]pyrrole or its derivatives and is reported for the first time in this PhD work. 
This attribute is typical of amphoteric redox (bipolar) molecules which possess dual donor and/or 
acceptor capabilities within its architecture.
[14, 15]
 The observation is of particular significance and 
opens up prospects of designing single molecular devices. 
 
 Oxidation (V)a Reduction (V)a λmaxb λemib 𝜆onset  E𝑔
opt 
e 
E𝑔
EC 
d 
HOMO 
(eV) c 
LUMOopt 
(eV)f 
LUMOEC
(eV)c 𝐸𝑜𝑛𝑠𝑒𝑡 𝐸1/2 𝐸𝑜𝑛𝑠𝑒𝑡  𝐸1/2 Soln. film 
DAPP 0.48 0.54 - - 359 447 398 405 3.06 - -4.88 1.82 - 
DCLPP 0.88 0.98 - - 360 428 400 411 3.01 - -5.28 2.27 - 
DN3PP 1.03 1.22 -0.91 -1.05 361 423 405 420 2.95 1.98 -5.43 2.48 -3.49 
DCNPP 1.05 1.18 - - 407 467 445 458 2.71 - -5.45 2.74 - 
DNPP 1.09 1.21 -0.79 -1.02 479 603 538 599 2.07 1.88 -5.49 3.42 -3.61 
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Ionization Potentials (HOMO), and Electron Affinity (LUMO) versus vacuum were estimated 
from the onset potentials of oxidation/reduction with reference to energy level of 
Ferrocene/Ferrocenium redox couple as an external standard from Figure 5c. 
[16] 
The onset potential 
of oxidation in the +ve window (anodic sweep) and onset of reduction peaks in the -ve potential 
window (cathodic sweep) were used wherever possible. Since only DNPP and DN3PP show dual 
characteristics as both donor and acceptor, the HOMO and LUMO could be estimated directly from 
the voltage sweeps. For molecules DAPP, DClPP and DCNPP, the estimation of LUMO levels was 
aided by optical measurements in conjunction with CV and is summarized in Table 5.1. 
Interestingly, the onset of oxidation potential is observed to be more +ve with increase in electron-
withdrawing ability of the terminal substituent that effectively lowers the HOMO levels. 
Concurrently, an apparent suppression of the redox peak in the reverse sweep is also quite evident. 
This is possibly owing to a destabilizing effect of the terminal acceptor groups and their interaction 
with the -conjugated backbone. [14] 
5.3.2 Molecular Simulations based Theoretical Studies 
To gain a better perspective into the electronic structures of the synthesized tetra-aryl 1,4-
dihydropyrrolo[3,2-b]pyrrole derivatives, density functional theory (DFT) and time-dependent DFT 
calculations were carried out using B3LYP/6-31G (d, p) basis set for geometry optimizations, single 
point energy calculations and charge transfer transitions. Gaussian 03 ab initio software package
17
 
was used for all theoretical calculations and the predicted transitions in the absorption spectra (300-
500nm) were studied using GaussSum 3.0 software. To reduce the computational complexity, the 
butyl chains were replaced by smaller methyl groups. Post energy minimization, the optimized 
geometries obtained was utilized to calculate frontier molecular orbitals (FMO). The molecular 
orbital iso-surfaces, ground-state dipole moments and electro-static potentials (ESP) for the 
optimized geometries of the synthesized tetra-aryl DHPP derivatives are summarized in Table 5.2. 
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Additional data pertaining to the major contributions of the respective molecular orbitals, oscillator 
strengths, and probable absorption wavelengths corresponding to the allowed transitions, excited 
state dipole moments, assessed for the synthesized derivatives are all provided in appendices (see 
Appendix A, Figure A1 and A2 and Table A1 and A2). 
As evident from the FMO isosurfaces (Table 5.2), the HOMO is distributed primarily along the 
-delocalized chromophore with a significantly larger contribution from the fused pyrrole rings 
(donor). The LUMO on the other hand is apparently seen to differ considerably with the change in 
the terminal substituents (p-NH2, p-Cl, p-CN, p-NO2, m-NO2). For DAPP and DClPP, the LUMO is 
observed to be delocalized throughout the molecule, implying that they have a weak intra-molecular 
charge transfer.
[7] 
It can be observed that the increasing electron withdrawing ability for the terminal 
substituents in DCNPP, DN3PPand DNPP, the LUMO inclines to populate the acceptor groups. 
These findings suggest that a relatively enhanced intra-molecular charge separation is more 
probable for these three 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives. It can be rationalized that 
depending on the extent of ICT, the HOMO to LUMO excitation would readily result in the shift of 
electron density from the fused pyrroles to the acceptor moieties leading to a more polarized excited 
state.
18 
This implies a substantial lowering of the energy gap between the HOMO and LUMO as 
reflected in the electronic absorption spectra. Further, the optimized geometries were used to 
estimate the most favorable transitions in the 300-500 nm range using time-dependent density 
functional theory (TD-DFT) studies. For DAPP, DClPP, DCNPP and DNPP, the most intense 
absorptions (max) should occur at ca. 363, 362, 406 and 481 nm, respectively, corresponding to the 
HOMO–LUMO excitation with highest oscillator strengths (see Table A1 and A2, Appendix A). 
However, for DN3PP the most intense absorption band predicted at 361 nm results from a favored 
HOMO to LUMO+2 transitions. As discussed in the previous section, the progressive bathochromic 
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shifts for these molecules noticed in the experimental observations (UV-Vis studies) were in good 
agreement with the theoretical approximations. 
[1, 11, 12] 
Table 5.2. Calculated Molecular orbitals, their isocontours and Electrostatic Potential (ESP) for the 
synthesized tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives at DFT-B3LYP/6-31G (d,p) level. 
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5.3.3 Thermal stability tests 
The thermal stability of the synthesized molecules was analyzed using thermogravimetric 
analysis (TGA). The TGA analysis was carried out on 10 mg of the compound in N2 atmosphere at 
a heating rate of 10°C/min. As seen from Figure 5.3, thermogravimetric studies of the synthesized 
molecules revealed their remarkable thermal stability (To > 280 
o
C) that offers several options in 
processing. As discussed in the previous sections, the UV-vis absorption and electrochemical 
assessments on the synthesized tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives coupled with 
the molecular simulation studies provided encouraging results to pursue device feasibility.  
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Figure 5.3. Thermo gravimetric analysis of DHPP derivatives carried out in nitrogen atmosphere at a rate of 
10 
o
C/min. 
For devices to operate under ambient conditions, i.e. in presence of air/O2/moisture, HOMO 
levels of the active molecules lower than -5.2 eV is a desirable pre-requisite.
[19]
 Encouragingly, the 
estimated HOMO levels (Table 5.1) of the synthesized molecules DNPP, DN3PP and DCNPP are 
significantly lower than the air oxidation threshold (~ -5.2 eV) justifying the excellent air stability 
observed for these compounds. 
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5.3.4 Device fabrication 
In order to test whether the synthesized derivatives can exhibit resistive switching characteristics, 
the materials were used to fabricate a basic test structure. Test-cell devices were fabricated by 
sandwiching the active organic layer/s between indium tin oxide (ITO) and Aluminum (Al) as the 
two active electrodes.
[20] 
The detailed fabrication protocols were presented in Chapter 4 Section 
4.2 of this thesis. The ITO/Active layer/Al device configuration utilized is schematically illustrated 
in Figure 5.4. The average thickness of the organic layer after spin coating it on the patterned ITO 
substrate and annealing it in air overnight was ~ 300 nm as seen from the cross-sectional FESEM 
micrograph (depicted as inset, Figure 5.4). The photograph of an originally fabricated device is 
shown in the inset of Figure 5.4 which shows that the substrate is flexible. All the measurements 
were carried out using Al as the top electrode and ITO as bottom for applying voltage in either 
direction under ambient conditions. 
 
Figure 5.4. Schematic representation of device fabrication. 
\ 
5.3.5 Current density-Voltage (J-V) characteristics of two terminal memory devices 
The J-V characteristics of the two-terminal devices were undertaken to ascertain the resistive 
switching performance of all the derivatives. Initially, when DAPP and DClPP derivatives were 
used as electro-active layer, the devices displayed no switching characteristics within the 
experimental bias window which is between -4V to 4V DC, as shown in Figure 5.5. Note the 
sweep directions are 0 to -4V to 4V. However, when the electro-active layer is replaced by DCNPP 
I-VAl
ITO-PET
Active layer
Fabrication of Memory Devices
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i.e., ITO/DCNPP/Al, only a gradual and non-linear change in the current was observed. However, 
as illustrated in Figure 5.6, a hysteresis is apparent in the reverse sweep. Although the device 
showed traits of Write-Read-Erase-Read (WRER) which is similar to flash memory, the switch-
on/switch-off voltages could not be ascertained in the sweeps. Even after a continuous test of 50 
read/write cycles the device retained its cycling characteristics. These results hint that the observed 
resistive switching behavior probably result from the presence of an acceptor group in the A-π-D-π-
A configuration. To validate this observation, derivative displaying bipolar redox characteristics 
(DNPP and DN3PP) were employed as the active layer using the sandwich device configuration 
presented in Figure 5.4 Sections 5.3.4. 
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Figure 5.5. Representative J-V curves for the (a) ITO/DAPP/Al and (b) ITO/DClPP/Al. 
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Figure 5.6. Representative J-V curves for the ITO/DCNPP/Al with WRER cycle (b) Endurance test and (c) 
Retention tests at read voltage of -0.5V. 
 
The representative I-V characteristic of a typical ITO/DNPP/Al device fabricated is illustrated in 
Figure 5.7. During the first sweep from 0 to - 4.0 V (sweep 1), the device initially remained in the 
low conducting state (OFF) exhibiting current around 10
-9
 A. When the external bias reaches a 
threshold voltage (Vth) of ~ - 1.0 V (Figure5.7a), an abrupt increase in current (10
-5
 A i.e. 4-fold 
jump) noticed, marks a switched ON state. This transition serves as data writing process, which can 
be encoded as “0” and “1” in a digital memory.21 Subsequent sweeps, sweep 2 (immediately done 
afterwards, 0 to -4.0 V) and sweep 3 (carried out after the power was turned off for 25 mins) 
suggests the non-volatile nature of this transition.
[18]
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Figure 5.7. Typical Current density-Voltage (J-V) curves of (a) ITO/DNPP/Al device exhibiting WORM 
behavior; (b) J-V plot with a sweep in the potential range of -10V to +10V. (c) Retention test at a read 
voltage of -2.0 V demonstrates appreciable stability under the electrical stress. 
 
Thereafter, positive potential scans (sweep 4, sweep 5, 0 to 4.0 V) was performed to check 
whether the device could be switched back to the OFF state (data erase process).
[12]
 Interestingly, 
the ITO/DNPP/Al device showed no change-over to the high resistivity state even with a scan 
potential going up to +10 V (Figure 5.7b). Successive scans to validate retention and stability 
demonstrates that the device retains information for 10
6
 s without any significant degradation in the 
ON state as seen from Figure 5.7c. Encouragingly, the high ON/OFF ratio of 10
4
 avoids 
misreading, thus enabling the device to maintain two distinct states and this was validated for 
consistency over 21 independent devices analyzed (see Appendix A, Figure A3).  
To determine the reliability and reproducibility of the fabrication protocols,  the threshold voltage 
distribution and average J-V plots for all the 21 devices (-50 devices, 42% yield) and the respective 
current distribution in the OFF and ON states are provided in Figure 5.8 and 5.9. The current 
distribution over multiple devices suggests that an ON/OFF ratio of 10
4
 is notable for devices 
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fabricated over multiple batches. The threshold voltage distribution confirms that, -1.2V as the most 
frequent voltage needed to induce resistive switching. These results ascertain the reproducibility of 
the observed memory characteristics and the fabrication protocols employed.  
The non-erasable nature of this device conforms to a non-volatile WORM class and hence can be 
exploited in applications such as low cost electronic tags possessing permanent memory.
22 
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Figure 5.8. Threshold voltage distribution obtained for 21 individual devices. 
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Figure 5.9. (a) Averaged J-V curves obtained for all the devices plotted with standard deviation (±1σ) at 
each voltage. Histograms for current density in (b) ON and (c) OFF states. 
   When DN3PP was used as the active layer, the J-V characteristics of ITO/DN3PP/Al device 
showed a remarkable change in memory performance as seen from Figure 5.10a. As evidenced, the 
device transitioned to an ON state when the external bias reaches a voltage (Vth) of ~ - 1.9 V, which 
is almost 0.9 V higher than that observed for DNPP. However, the ON/OFF ratio was considerably 
low compared to the ITO/DNPP/Al device. The switched ON state was retained in the immediate 
reverse scan (- 3.0 V to 0 V). Subsequently, the ON state can be switched back to the OFF state 
during a positive sweep at ~ 2.0 V, and can again be switched back ON in the next cycle, a 
characteristic behavior of non-volatile flash memory.
[12]
 The validation was carried out on 24 
independent devices (-50 devices, 48% yield) fabricated under similar set of conditions (see 
Appendix A, Figure A4). The endurance performance (reliability) of 500 cycles observed with 
ON/OFF ratio maintained as shown in Figure 5.10b-5.10c was quite appreciable given the lack of 
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device encapsulation. The device was found to preserve the stored information for > 10
4
s from 
retention tests performed under ambient condition in open air as evinced from Figure 5.10d.  
-4 -2 0 2 4
10
-9
10
-8
10
-7
10
-6
10
-5
10
-4
8x10
2
9.0x10
3
1.2x10
4
10
-9
10
-8
10
-7
10
-6
10
-5
0 100 200 300 400 500
-80.0µ
-40.0µ
0.0
40.0µ
80.0µ
0 200 400 500
10
-3
10
-1
10
1
10
3
0 5 10 15
-4
-2
0
2
4
Time (s)
P
o
te
n
ti
a
l 
(V
)
-80.0µ
-40.0µ
0.0
40.0µ
80.0µ
100ms
Cycle Number
O
N
/O
F
F
 R
a
ti
o
Current (A)
100ms
(e)
(d)
(c)(b)
 J (A/cm
2
)Read
Erase
Read
 
 
C
u
re
n
t 
D
e
n
s
it
y
, 
J
 (
A
/c
m
2
)
Voltage (V)
Write
(a)
 
 
Retention @ -1.0V
 Time (s)
 
 
  
 
Number of Cycles 
 Device 1       Device 2 
 Device 5       Device 7
 Device 10     Device 11
 Device 12     Device 14
 Device 15
 
 
 
 
 
Figure 5.10. (a) J-V characteristics of ITO/DN3PP/Al device depicting the FLASH memory behavior. (b) 
Dual-axis plots showcasing the applied potential pulse (V) and the generated current response as a function 
of time (s) over a few WRER cycles. (c) Endurance test carried over 500 WRER cycles. (d) Retention test 
performed at -1.0 V. (e) the plot summarizes the ON/OFF ratio as a function cycle number on nine devices. 
The threshold voltage distribution and average J-V plots along with the histograms for current 
distribution in OFF and ON states are provided in Figure 5.11 and Figure 5.12. The threshold 
voltage for write and erase cycles was estimated to be - 1.95 V and 2.1 V respectively. The current 
distribution in OFF and ON states suggest that an ON/OFF ratio of 10 is observed over a batch 24 
devices fabricated using similar protocols. The modest success ratio of the present protocols is 
appreciable given the simplicity of the fabrication employed. Most often, low vacuum conditions 
leads to failed aluminum evaporation resulting in failure of the devices. The statistics provided 
corroborate the excellent reproducibility and repeatability of the experimental protocols. 
Nevertheless, these results also hint a clear possibility of a much improved device ON/OFF ratio, 
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retention and endurance performance if state-of-the-art fabrication and encapsulation techniques 
were used to produce the device. 
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Figure 5.11. Threshold voltage distribution for write and erase voltages over 24 devices. 
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Figure 5.12. (a) Averaged J-V curves obtained for all the devices plotted with standard deviation (±1σ) at 
each voltage. Histograms displaying the current density distribution for (b) ON and (c) OFF states. 
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5.3.6 The effect of thickness on device performance 
Furthermore, thickness of the active layer is speculated to have a critical effect on the resistive 
switching performance. As the devices using DNPP and DN3PP as an active layer exhibited 
pronounced resistive switching characteristics, the thickness studies were restricted to these 
materials. The thickness of the active layers (DNPP and DN3PP) was varied from 120 to 600 nm by 
changing the spinning parameters. Figure 5.13 shows the SEM cross section of the devices using 
DNPP as the active layer   with 120, 300, 450 and 600 nm thicknesses.  
 
Figure 5.13. SEM cross-sections of the devices with varying thickness (a)120 nm (b) 300 nm (c) 450 nm 
(d)600 nm. 
The devices using DNPP and DN3PP as the active layer displayed no WORM or Flash type 
memory behavior when the thickness of the film is 120 nm. Rather the devices displayed only a 
highly conducting state which can be due to either shorting of the devices or the thickness being 
well below the threshold to demonstrate bi-stable resistive switching (WORM of FLASH) 
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characteristics. Interestingly, when the thickness of the film is 300 nm, the devices display 
remarkable resistive switching characteristics suggesting that the electric field is sufficient to 
polarize the thin film. However, the devices display minimal switching characteristics at thickness 
above 450 nm and completely insulating characteristics at 600 nm. After a certain critical thickness, 
the electric field is not sufficient to polarize the active layer, and thus the device is bereft of 
switching characteristics. Figure 5.14 shows the J-V characteristics as a function of thickness for 
thin films comprising of DNPP and DN3PP as active layers.     
 
Figure 5.14. Representative J-V characteristics of (a)ITO/DNPP/Al and (b) ITO/DN3PP/Al devices as a 
function of  thickness;120 nm, 300 nm, 450 nm and 600 nm. 
Additionally, to exclude any possible contribution of metallic ions from the top metal electrode 
(Al), the effect of active area on the device performance was evaluated to ascertain the dependence 
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of observed current on the active area.  The current density was found to be area dependent and this 
observation suggests that the resistive switching doesn’t originate from localized filaments but due 
to the change in intrinsic electronic properties of the material. This observation is further validated 
by employing a symmetric device configuration, wherein the active layers were sandwiched 
between two ITO electrodes to form a symmetrical cell i.e., ITO/Organic layer/ITO. Since, ITO is 
considered to be a relatively inert electrode the origin of molecular switching characteristics can be 
validated. Symmetrical device configurations yielded similar results, albeit at higher operating 
threshold voltages with relative low ON/OFF ratio compared to that of ITO/Organic layer/Al (See 
Appendix A, Figure A5). This can be ascribed to the different work function of the ITO electrodes 
resulting in a significant increase of the charge injection barriers. Encouragingly, the non-volatile 
memory traits of DNPP and DN3PP were observed to be retained, confirming that the resistive 
switching nature was an inherent property of the organic material. The results pertaining to area 
versus resistive switching and symmetric ITO configurations are presented as supporting 
information at the end of the thesis (see Appendix A, Figure A6). 
5.3.7 OFF and ON state characterization 
The devices displaying bi-stable electrical switching characteristics should encompass various 
physical processes like polarizability, dipole formation, and charge transfer interactions which can 
be characterized using physico-chemical techniques. To understand the reasons behind the observed 
resistive switching behavior, solid-state UV-Vis and electro-chemical impedance spectroscopic 
studies are undertaken to characterize the OFF and ON states.  
5.3.7.1 Solid state in-situ UV-Vis studies 
The symmetric devices in ITO/Organic layer/ITO configuration displaying switching behavior 
were utilized to track the changes occurring in the active layer during the electrical phenomenon. 
Since the ITO electrodes are transparent in the wavelength 300-800nm, the changes associated with 
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the switching can be tracked effectively. For devices based on ITO/DNPP/ITO, the absorption 
spectrum in the ON state displays a signature broadening while the peak intensities at 350 nm is 
altered remarkably, which can be ascribed to the inter-molecular charge transfer interactions as seen 
from Figure 5.15a. Interestingly, an evolution of a new peak at ~ 670 nm owing to the dipole 
formation under electric field polarization suggests that the dipole formed is possibly stabilized due 
to the effective intra and/inter molecular interactions in the DNPP thin film.
 [27]
 In contrast, the 
absorption spectrum for the DN3PP thin film in the ON state did not show any broadening or a 
typical low energetic absorption bands pertaining to stable dipole formation. This explains that the 
ON state formed in DNPP is very stable while that of DN3PP is meta-stable thus exhibiting typical 
flash memory behavior. The in-situ UV-Vis spectra for the devices are presented in Figure 5.15.     
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Figure 5.15. Representative UV-Visible absorbance plots of (a) an ITO/DNPP/ITO device and (b) 
ITO/DN3PP/ITO device in the OFF and ON states respectively. The highlighted regions show the charge 
transfer interactions during electric field induced polarization 
5.3.7.2 Electro-chemical impedance spectroscopy (EIS) 
The electrical switching characteristic constitutes polarizability and dipole formation in the thin 
film which are more sensitive in the frequency domain. To ascertain the same, electro-chemical 
impedance spectroscopy (EIS) analysis was carried on sandwich structures of ITO/DNPP/Al and 
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ITO/DN3PP/Al. In the present study, the impedance spectra was obtained by applying an 
alternating excitation signal of 10 mV relative to the OFF state and ON state voltages in a frequency 
sweep of 1MHz to 100mHz  to induce the formation of OFF and ON states. The obtained real and 
imaginary components are plotted as complex plane Nyquist plots depicting the impedance 
spectrum as shown in Figure 5.16a and 5.16b for ITO/DNPP/Al and the ITO/DN3PP/Al devices, 
respectively.  
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Figure 5.16. Representative complex-plane Nyquist plots of (a) an ITO/DNPP/Al device and (b) an 
ITO/DN3PP/Al device in the OFF and ON states, respectively. Inset. The high frequency zone highlighted 
is magnified for clarity. 
A few significant observations that can be clearly evinced are attributed to the field induced 
changes that happen in the device beyond the applied threshold potential. Typically, for an 
ITO/DN3PP/Al device (Figure 5.16b), after transitioning to the ON state, resistance change is 
observed to be minimal and lowers within the same order of magnitude. However, evident in the 
low frequency range the charge transfer capacitance is seen to increase considerably almost 
approaching that of an ideal capacitor. In contrast, for an ITO/DNPP/Al device (Figure 5.16a), the 
bulk resistance of the film changed multi-fold and understandably the same is evidenced as 10
4
 
order of change in magnitude of current response after switching. The overall charge-transfer 
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capacitance as observed in the low frequency region alters significantly indicating an intrinsic 
change in the molecules (inter-molecular charge separation and transfer dominates under these 
conditions) rather than allowing an interfacial build-up of charges at the active electrode-organic 
layer boundary. 
5.3.8 Proposed Mechanism 
The observed device behavior for the synthesized dinitro (p-, m-) and dicyano (p-) substituted 
tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives can be rationalized on the following 
grounds. The HOMO and the LUMO estimated from the electrochemical and optical studies 
summarized in Table 5.1, section 5.3.1 can be represented with energy level diagram with the work 
functions (ϕ) of ITO and Al in device model as presented in Figure 5.17a. The molecular 
simulation studies in conjunction with appropriate theoretical models, UV-Vis studies and 
electrochemical impedance for the device OFF and ON states provided important leads in 
understanding the plausible charge transport mechanism involved. The device response under 
externally applied bias could be predicted by considering the energy barriers, injection of 
electrons/holes, trap states involved, dipole moments, role of space-charge polarizations that 
significantly contributes at various stages of the sweep.
[12, 21] 
As seen from the DFT studies, all the molecules studied possess a continuous electrostatic 
potential (ESP). The ones colored in blue show an open channel for charge migration along the pi-
delocalized system (A--D--A). However, the presence of terminal acceptor groups does create 
negative ESP regions in each of the molecules, which are colored in red. These regions can 
potentially impede the motion of charge carriers and serves as “traps” that localize the charge 
thereby triggering a memory effect.
[23, 24]
 The charge transport mechanism for DNPP is shown as a 
representative plot in Figure 5.17b. The mechanism explained holds similar behavior for devices 
based DN3PP. 
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Figure 5.17. (a)Representation of energy levels of the tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives 
along with the work-function () of the active electrodes; Potential region (zoomed in) depicting the 
experimental data fitted with theoretical models for (b) OFF and (c) ON states prior to and after switching. 
For ITO/DNPP/Al, comparable charge injection barriers at the ITO (ϕ)HOMO (~ 0.69 eV) 
and the Al (ϕ)LUMO (~ 0.67 eV) implies equal possibility of both hole and electron injections. 
At potentials < - 0.5 V, Schottky barriers exist
 [25]
 and the device remains in the OFF state (high 
resistivity at the active electrode-organic layer interface). Experimental data in this region of the J-
V curve fits well with Ohmic conduction model (J α V). As the external bias exceeds - 0.5 V, the 
applied electric field overcomes the Schottky barriers initiating injection of holes into the HOMO 
and electrons into the LUMO (initiating formation of molecular dipoles). The slow accretion of 
charges leads to a growing space-charge polarization within the device. The Ohmic current at this 
juncture changes to a Space-Charge-Limited-Current (SCLC) current 
[23] 
(J α V2) which is 
noticeable in this region of the J-V curve, see Figure 5.17b. Close to the turn-on voltage (-1.0 V) 
the double injection of charges from ITO and Al fills the “traps”, thereby creating a trap free 
environment.
[23, 24, 26]
 Analogous to reaching an end-point, a sudden opening up (enhanced carrier 
mobility) of the channel coupled with already high carrier concentration present,
[25]
 leads to a sharp 
shoot-up in the observed current (inter-molecular charge transfer process). This transition to the 
high conductivity state is characterized as the device switch-ON state. With further increase in bias 
(> - 1.0V), the current yet again follows the Ohmic conduction model. A non-volatile permanent 
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memory behavior observed doesn’t allow the device to revert back to the OFF state even with an 
extreme positive sweep up to +10V (Figure 5.7b) supports a permanent WORM nature for this 
device. That the relatively strong electron withdrawing ability coupled with the inductive effect of 
the p-NO2 group act as a deep trap sites is very apparent from the ESP and the FMO isocontours of 
DNPP. UV-Vis studies in the OFF and ON states along with additional clues obtained from the 
impedance studies (Figure 5.16a) lends further support to the field-induced charge transfer 
interactions
27
 taking place in the active layer. The charge separated state once formed in the solid-
state is possibly stabilized by resonance (p-NO2) in addition to good intra-/inter- molecular 
interactions and probably aided by highly ordered arrangements. The solid-state UV-Vis (Figure 
5.2b) and FESEM micrographs (see Appendix A, Figure S7) do strongly hint this possibility in the 
thin films, which helps in retaining the trapped charges thus exhibiting appreciable non-volatile 
memory.  
Devices based on m-NO2 terminally substituted derivative, i.e. ITO/DN3PP/Al show a 
comparably higher charge injection barrier (~ 0.8 eV) between the LUMO-DN3PP and Al(ϕ). 
Hence, at initiation of the negative sweep, injection of holes at the ITO electrode (ITO 
(ϕ)HOMO; ~ 0.6 eV) is more favorable than the electrons pumped in from Al electrode. Similar 
to the ITO/DNPP/Al device, an Ohmic behavior is observed at potentials < - 0.6V due to the 
presence of Schottky barriers and the device remains in the high resistivity state. At voltages greater 
than - 0.6 V, the barrier is overcome and a slow accumulation of space charges leads to a Space-
Charge-Limited-Current (SCLC) current (J α V2). When a trap free environment is achieved close 
to V ~ -1.9 V, the device quickly switches-ON to a high conductivity state. The similarity of 
ITO/DN3PP/Al device to the ITO/DNPP/Al system however ends here. When ITO/DN3PP/Al is 
subjected to a positive potential sweep (~ 2.0 V), the device reverts back to the original OFF state. 
The change of substituent position to meta- weakens the extent of conjugation in these quadrupolar 
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A--D--A molecules exerting constrains on the electron withdrawing ability and inductive effects 
of NO2 groups. Consequentially, the restricted inter-/intra- molecular interactions allows relatively 
shallower trap sites at the terminal ends as supported by the UV-Visible studies in the OFF and ON 
states (Figure 5.15a). This is also quite evident from the DFT studies (ESP and FMO isocontours, 
Table 5.2).  Nevertheless, unlike the ITO/DNPP/Al device which behaved as permanent non-
volatile memory due to deep traps, the DN3PP device was observed to display a metastable non-
volatile memory possibly because of the inherently higher dipoles in these molecules.
28
 The 
shallower traps permits the device to display the prospects of Write, Read, Erase and Read (WRER) 
cycles which is typical of FLASH memory devices. 
5.4 Conclusions 
This chapter presents the amphoteric redox (bipolar) behavior in fused pyrrole systems and 
demonstrates their possibility to function as single molecule organic resistive memory devices for 
the first time. In summary the following findings were documented:  
 A family of substituted tetra-aryl 1,4-dihydropyrrolo[3,2-b]pyrrole derivatives were 
synthesized and evaluated for their optical and electrochemical properties.  
 A particularly pronounced bathochromic shift for the p-NO2 derivative emphasizes the role 
of quinoidal contribution. The increase in electron withdrawing ability of the terminal 
substituent alters the extent of intra-/intermolecular charge transfer resulting in progressive 
red shift in the electronic absorption spectra.  
 Electrochemical studies show a noticeable shift in the onset of oxidation towards higher 
potentials with increased inductive strength and resonance in the terminal substituents. It is 
observed that the p- and m-dinitro derivatives display bipolarity within the same molecule. 
The results are appropriately supported with detailed theoretical simulations. This unusual 
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observation of amphoteric redox characteristics in fused pyrrole systems was exploited to 
develop single molecule organic resistive memory devices. 
 The resistive switching ability of the materials synthesized was tested using a vertical 
sandwich configuration. Flexible devices fabricated using ITO-PET and Aluminum as the 
active electrodes, i.e. ITO/DNPP/Al and ITO/DN3PP/Al validates the operational 
feasibility. As exemplified, the change in peripheral substituent position alters the device 
behavior significantly. Devices with DNPP as the active layer displayed permanent Write 
Once Read Many times (WORM) memory, while its structural isomer DN3PP exhibits 
rewriteable flash memory.  
 The redox energy levels suitably aligned with the work-function of active electrodes favors 
better charge injection thereby contributing to a higher ON/OFF ratio. This is quite evident 
in the J-V plots for the p-NO2 derivatives, which shows >10
4 
orders of change in current 
density than its meta- counterpart.  
 A plausible mechanism has been discussed in detail aided with experimental evidences, 
DFT calculations and appropriate physical models responsible for the observed memory 
effect. Rational interpretation of these findings strongly suggest that the choice, and 
strategic positioning of terminal substituents can significantly influence the nature of 
"charge traps" as well as inter-molecular interactions.  
Overall, this chapter establishes a strong foundation and rationale for understanding the structure-
property relationships using fused pyrroles as a molecular platform. These results are expected to 
generate considerable interest in the scientific community on fused pyrrole systems to customize the 
molecular architecture and optimize the device performance via smart chemistry approach. 
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Additional Information. Information pertaining to I-V studies as a function of area, in 
ITO/organic layer/ITO configuration, additional molecular simulation and SEM images of DNPP, 
DN3PP and DCNPP thin films are provided at the end of thesis as appendices (See appendix A). 
5.5 References 
[1]  P. Heremans, G. H. Gelinck, R. Müller, K. J. Baeg, D. Y. Kim, Y. Y. Noh, Chem. Mater. 
2011, 23, 341. 
[2]  H.-J. Yen, H. Tsai, C.-Y. Kuo, W. Nie, A. D. Mohite, G. Gupta, J. Wang, J.-H. Wu, G.-S. 
Liou, H.-L. Wang, J. Mater. Chem. C 2014, 2, 4374. 
[3]  H. Zhuang, Q. Zhou, Y. Li, Q. Zhang, H. Li, Q. Xu, N. Li, J. Lu, L. Wang, ACS Appl. Mater. 
Interfaces 2014, 6, 94. 
[4]  H. Hemetsberger, D. Knittel, Monatshefte for Chemie 1972, 103, 194. 
[5]  A. Janiga, M. Krzeszew ski, D. T. Gryko, Chem. Asian J. 2015, 10, 212. 
[6]  A. Janiga, D. T. Gryko, Chem. Asian J. 2014, 9, 3036. 
[7]  M. Krzeszewski, B. Thorsted, J. Brewer, D. T. Gryko, J. Org. Chem. 2014, 79, 3119. 
[8]  R. Orłowski, M. Banasiewicz, G. Clermont, F. Castet, R. Nazir, M. Blanchard-Desce, D. T. 
Gryko, Phys. Chem. Chem. Phys. 2015, 17, 23724. 
[9]  E. Shi, H. Zhuang, Z. Liu, X. Cheng, H. Hu, N. Li, D. Chen, Q. Xu, J. He, H. Li, J. Lu, J. 
Zheng, Dye. Pigment. 2015, 122, 66. 
[10]  Q. Zhou, R. Bo, J. He, H. Zhuang, H. Li, N. Li, D. Chen, Q. Xu, J. Lu, Chem. - An Asian J. 
2015, 10, 1474. 
[11]  J. Casadot, T. M. Pappenfus, L. L. Miller, K. R. Mann, E. Ort, P. M. Viruela, R. Pou-
Amérigo, V. Hernández, J. T. López Navarrete, J. Am. Chem. Soc. 2003, 125, 2524. 
[12]  H. Liu, H. Zhuang, H. Li, J. Lu, L. Wang, Phys. Chem. Chem. Phys. 2014, 17125. 
132 
 
[13]  D. Gudeika, J. V. Grazulevicius, G. Sini, A. Bucinskas, V. Jankauskas, A. Miasojedovas, S. 
Jursenas, Dye. Pigment. 2014, 106, 58. 
[14]  T. M. Pappenfus, J. D. Raff, E. J. Hukkanen, J. R. Burney, J. Casado, S. M. Drew, L. L. 
Miller, K. R. Mann, J. Org. Chem. 2002, 67, 6015. 
[15]  J. Casado, L. L. Miller, K. R. Mann, T. M. Pappenfus, H. Higuchi, E. Orfí, B. Millán, R. 
Pou-Amérigo, V. Hernández, J. T. López Navarrete, J. Am. Chem. Soc. 2002, 124, 12380. 
[16]  J. Ding, N. Song, Z. Li, Chem. Commun. (Camb). 2010, 46, 8668. 
[17]  M. J.Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,  J. R. Cheeseman, 
G.Scalmani,V. Barone, B. Mennucci, G. A. Petersson,et al. Gaussian 03, revision C.01, 
Gaussian, Inc.: Wallingford, CT, 2004. 
[18]   H. Zhuang, Q. Zhou, Q. Zhang, H. Li, N. Li, Q. Xu, J. Lu, J. Mater. Chem. C 2015, 3, 416. 
[19]  Y. Li, L. Xue, H. Li, Z. Li, B. Xu, S. Wen, W. Tian, Macromolecules 2009, 42, 4491. 
[20]  J.-H. Wu, G.-S. Liou, ACS Appl. Mater. Interfaces 2015, 7, 15988. 
[21]  Q. D. Ling, S. L. Lim, Y. Song, C. X. Zhu, D. S. H. Chan, E. T. Kang, K. G. Neoh, 
Langmuir 2007, 23, 312. 
[22]  Y. Zhou, S.-T. Han, Y. Yan, L. Zhou, L.-B. Huang, J. Zhuang, P. Sonar, V. a. L. Roy, Sci. 
Rep. 2015, 5, 10683. 
[23]  Q.-D. Ling, Y. Song, S.-L. Lim, E. Y.-H. Teo, Y.-P. Tan, C. Zhu, D. S. H. Chan, D.-L. 
Kwong, E.-T. Kang, K.-G. Neoh, Angew. Chemie 2006, 118, 3013 
[24]  Y. Zhang, H. Zhuang, Y. Yang, X. Xu, Q. Bao, N. Li, H. Li, Q. Xu, J. Lu, L. Wang, J. Phys. 
Chem. C. 2012, 116, 22832. 
[25]  Q. D. Ling, D. J. Liaw, E. Y. H. Teo, C. Zhu, D. S. H. Chan, E. T. Kang, K. G. Neoh, 
Polymer (Guildf). 2007, 48, 5182. 
133 
 
[26]  F. Zhou, J.-H. He, Q. Liu, P.-Y. Gu, H. Li, G.-Q. Xu, Q.-F. Xu, J.-M. Lu, J. Mater. Chem. C. 
2014, 2, 7674.  
[27] B.-B. Cui, Z. Mao, Y. Chen, Y.-W. Zhong, G. Yu, C. Zhan, J. Yao, J. Zeng, H. Wang, E.-T. 
Kang, W. Huang, Q. Zhang, S. Zhang, F. Huang, Y. Ma, Chem. Sci. 2015, 6, 1308. 
[28]  C.-J. Chen, H.-J. Yen, W.-C. Chen, G.-S. Liou, J. Mater. Chem. 2012, 22, 14085. 
134 
 
Chapter 6 
 
 
Role of π-spacer in the A-π-D-π-A framework and its 
influence on the resistive switching behavior  
In this chapter, the effect of replacing the π-spacer within the A-π-D-π-A framework from a 
phenyl group to a thiophene unit is presented. The influence of the thiophene unit spacer is 
studied in the context of the optical, electrochemical and resistive switching behaviour of the 
resulting molecule, when compared to the (standard) phenyl group spacer studied in chapter 5. 
Using the same two-terminal sandwich device configuration, the active material was now 
shown to behave with ‘volatile and rewriteable’ resistive switching characteristics with a 
short retention time of 2 min. 
 
 
The research work presented in this chapter has been communicated as: 
 
Ram Kumar C.B., Ahmad Esmaielzadeh Kandjani, Lathe Jones, Selvakannan R. Perisamy, 
Suresh K. Bhargava, Ramanuj Narayan, Samuel J. Ippolito, and Pratyay Basak. A small 
molecule with a short term memory for nano-scale data storage: Temperature assisted evolution 
of quasi 1D-nanostructures in thin films of 1,4-dihydropyrrolo[3,2–b]pyrroles and its influence 
on the resistive switching characteristics. Submitted to ACS Nano. 
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6.1 Introduction 
The growing demand for flexible and/printed electronics at an affordable cost
[1]
 motivated 
researchers to look beyond traditional inorganic semiconductors as they face manufacture and 
down-scaling limitations
[2]
. In this context, π-conjugated organic molecules (π-COMs) 
representing the community of plastic electronics has gained tremendous attention due to their 
well-defined molecular architecture, high purity and reliable batch to batch synthesis 
processes.
[3]
 The versatile scalability of organic molecules also opens up a suite of inventive 
fabrication strategies
[1]
 and presents a compelling incentive for device miniaturization
[4,5]
 as well 
as large scale fabrication opportunities. Their immense prospects were envisaged to have major 
implications in myriad of applications like organic field-effect transistors (OFETs),
[6,7]
 opto-
electronic textiles,
[8,9]
 organic electro-chromic devices (OECDs),
[10,11]
 organic light emitting 
diodes (OLEDs),
[12,13]
 organic solar cells (OSCs),
[14–16]
 organic photodetectors (OPDs),
[17–19]
 and 
organic resistive memory devices (ORMs)
[20–23]
 etc., which are expected to transform the 
electronics industry. Displaying attractive properties such as low power consumption, high speed 
switching
[24]
, three dimensional (3D) stacking capability,
[25]
 and impressive endurance, COMs 
are strong contenders to realize low-cost ORM devices with an impetus to design nano-scale or 
molecular scale memory for achieving high density data storage (HDDS) on flexible 
substrates.
[5,26]
  
In ORMs, structural modifications through judicious choice of functional entities is known to 
critically affect the outcome of memory performance which range from non-volatile Write-Once-
Read-Many (WORM) times, rewriteable FLASH memory to a volatile dynamic/static random 
access memory (DRAM, and SRAM) behavior. 
27–33
 Such versatility is a direct attribute of 
charge-trap dynamics mediated by inter and/ intra molecular charge transfer (CT) interactions in 
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COMs.
[34]
 Although several mechanisms like metallic filament formation, electric field induced 
charge transfer, phase/conformation changes and charge trapping are proposed to explain the 
switching phenomenon, 
[34]
 the origin of resistive switching in COMs remains unclear till date. 
An extensive investigation of structure property and memory performance relationship is still 
desired to pin-point the underlying mechanism responsible for their switching behavior. These 
factors help to overcome the technological impasse and are crucial for the advancement of ORM 
technology.   
Till this point, the application of 1,4 dihydro pyrrolo [3,2-b] pyrroles (DHPPs) as electronic 
components are demonstrated in Chapter 5. The observed WORM and flash behaviors for 
DNPP and DN3PP were explained in relation to the altered trap dynamics and intra and /inter 
molecular charge transfer stability as a function of terminal substituents in the A-π-D-π-A 
molecular framework. 
[35]
 The devices fabricated using DNPP as active layer displayed non-
volatile memory behavior with an ON/OFF ratio of ~10
4
 while displaying permanent WORM 
behavior. In contrast, the devices using DN3PP displayed rewriteable flash memory with an 
ON/OFF ratio of 10. The results are summarized in brief and presented in Table 6.1.  
Table 6.1. Summary of resistive switching behaviors for DNPP and DN3PP. 
 Name     Classification Memory ON/OFF 
ratio 
Retention &  
Endurance 
  
DNPP 
 
Non-Volatile 
 
WORM 
 
10
4
 
 
10
8
 s  
  
DN3PP 
 
Non-Volatile 
 
Flash 
 
10 
 
10
5
 s and 
500 cycles 
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It would be more worthwhile to develop a system with high ON/OFF ratio exhibiting 
rewriteable flash memory. In this pursuit, further structural modifications involving π-spacer 
modification are considered viable than terminal substituents. In this context, replacing the π-
spacer in the A-π-D-π-A configuration with a thiophene unit (abbreviated as DNTPP) yielded a 
5-nitrothienyl derivative with improved optical, electrochemical properties. The introduction of 
heteroatoms through π-spacer seems to have a pronounced effect on crystallinity. Using the 
similar fabrication protocols employed in Chapter 5, the electro-active material when fabricated 
in a vertical charge transport device configuration displayed re-programmable volatile resistive 
switching characteristics endowed with a short accessible read-out time. Furthermore, a potential 
prospect of achieving volatile switching on a nano-scale is demonstrated using C-AFM technique 
which is promising for low cost-high density data storage applications. The results presented in 
this chapter expand on the insights regarding the structure-property-memory performance 
relationship in DHPP derivatives which were established in Chapter 5, Section 5.3.5.  
6.2 Material synthesis 
The synthesis and chemical characterization of the material DNTPP were presented in 
Chapter 3, Section 3.3. The chemical structure of the material is presented in Figure 6.1 for 
readers’ convenience. The highlighted part of the structure represents the structural change 
undertaken in the molecular framework in comparison to the molecules presented in Table 6.1. 
Owing to the limitations posed by the synthetic strategy, derivatives bearing a thiophene spacer 
could be synthesized. Attempts to synthesize derivatives with furan and pyrroles as spacers could 
not be realized as the expected derivatives did not form from the similar synthetic protocols. It is 
rationalized that the chemical instabilities of furan prevent the formation of the expected 
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derivative. Hence, DNTPP was opted as a model to study the effect of π-spacer and its influence 
on the optical, electrochemical and resistive switching properties.  
 
Figure 6.1. The chemical structure of DNTPP. 
6.3 Results and Discussion 
The optical, electrochemical, material characterizations and resistive switching behavior of 
the synthesized derivative DNTPP is presented in the following subsections. Furthermore, a 
plausible mechanism is proposed to explain the origin of the volatile memory behavior when it is 
used as the active material in a two terminal device.  
6.3.1 Optical and Electrochemical properties 
To obtain an insight into the electronic transitions (-*) and aggregations induced by intra 
/inter-molecular interactions in a thin film, the electronic absorption spectrum of the synthesized 
5-nitrothienyl derivative (DNTPP) was recorded to evaluate the photo-physical properties. The 
solution UV-Vis absorption spectra for 10 μM DNTPP dissolved in THF and solid state 
absorption spectrum for a thin film of the DNTPP that was spin coated on quartz substrates is 
provided in Figure 6.2a. A significant red shift in the absorption spectra with a λmax ca. 550 nm 
was observed when the phenyl pi-spacer
[33]
 of the 4-nitrophenyl derivative (See Chapter 5, 
Section 5.3) was replaced with a thiophene unit. This is ascribed to the enhanced polarization 
and intra-molecular charge transfer (ICT) in the quadrupolar A-π-D-π-A structure.[33] An 
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increment in the co-planarity of the system in tandem with an improved conjugation brings forth 
the observed change.
[38]
 The DNTPP derivative displayed an additional shoulder at ca. 628 nm 
and also a prominent red shift in the onset of their absorption tail in the thin film indicating the 
pronounced effect of molecular aggregations.
[39]
 The redox behavior of DNTPP was assessed 
using cyclic voltammetry (CV) study which is shown in Figure 6.2b. The DNTPP derivative 
displayed typical reversible amphoteric redox characteristics
 [33]
 with onset oxidation and 
reduction at 1.1 V and –0.65 V, respectively. The ionization potential (HOMO) and electron 
affinity (LUMO) values of -5.51 eV and - 3.75 eV were calculated from the data presented in 
Figure 6.2b using ferrocene external standard
 [33] 
and reported versus vacuum. The lower LUMO 
value of DNTPP, as compared to its phenyl predecessor discussed in chapter 5 (-3.61 eV) is a 
consequence of improved conjugation offered by thiophene units in the molecular backbone.  
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Figure 6.2. a) Electronic absorption spectra of DNTPP in solution (THF) and solid state (quartz) b) 
Cyclic voltammetry curve of DNTPP. 
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6.3.2 SEM analysis of thin film 
The homogeneity and microstructure of the solution processed films annealed at temperatures 
ranging from 30°C to 150°C were investigated using scanning electron microscopy (SEM). As 
seen in Figure 6.4, the films annealed from 30°C to 80°C did not show well-defined 
microstructures whereas films annealed at 100°C start to exhibit cuboid like microstructures 
distributed on the surface of the thin film. Such, well defined micro-structures within a 
homogenous and continuous film is expected to increase the charge transport properties of the 
thin film. Further, at higher annealing temperatures (120°C and 150°C), the micro-structures are 
more defined and enhanced but the thin film becomes dis-continuous and non-homogenous 
which are detrimental for device performance. 
 
Figure 6.4. SEM images at different magnification for DNTPP thin film coated on ITO substrate 
annealed at a) 30°C b) 80°C c) 100°C d) 120°C e) 150°C. 
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6.3.3 Tapping mode AFM analysis 
AFM characterization was performed to investigate the surface topology and roughness of the 
spin coated thin film. The tapping mode atomic force microscopic images (10x10 μm2) of the 
thin films give a quick understanding of the effect of annealing on the thin films at temperatures 
ranging from 30°C to 150°C. As seen from Figure 6.5, the thin film annealed at 30°C shows 
continuous and seamless film with no microstructure formation. The median and root-mean-
square (RMS) roughness was calculated to be of 6.25 and 4.9 nm, respectively. Similar to SEM 
results, no microstructure formation was observed till 80°C. However when the film was heat 
treated at 100°C, although it still maintained a uniform and homogenous composition, the 
presence of evenly distributed cuboid like aggregates started to appear on the surface. The 
median and the root-mean-square (RMS) roughness of the 100 °C film was measured at 30.54 
and 9.5 nm, respectively, which is significantly higher than the films treated at 30°C. Thin films 
comprising of such well-defined aggregates are widely known to enable better charge 
transport.
[34]
 Although the heat-treatment at 120°C and above improves the crystallinity it is also 
found to result in voids developing in the film, as observed in Figure 6.5. The mass 
reorganization during the long-range ordering; a process occurring at elevated annealing 
temperatures can lead to the formation of larger domains and pin holes/cracks resulting in a non-
continuous film. Such dis-continuous films are detrimental for device performance as the 
evaporation of top electrode results in the device short circuiting. 
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Figure 6.5. Tapping mode AFM images (10x10 μm2) for DNTPP thin films coated on ITO substrate and 
annealed at various temperatures. 
 
143 
 
6.3.4 X-ray diffraction (XRD) studies 
The X-ray diffraction (XRD) patterns of spin coated DNTPP thin films collected from 30 ºC to 
220 ºC and the results are shown Figure 6.6. From the in-situ high temperature XRD studies, the 
film annealed from 30°C till 80°C showed no crystalline peaks, whereas an evolution of a 
crystalline peak is evinced at 90°C. Further increment in temperatures i.e., 100°C exhibited an 
unexpected sharp diffraction peak at 2Ɵ ~ 6.7°. The high d- spacing values (15.3 Å) are 
indicative of long range ordering in the film due to hetero-atom promoted inter-molecular 
interactions.
[36]
 The XRD measurements for temperatures >100°C (till 150°C) show 
enhancement in crystallinity and decrease thereafter till 220 °C.  
Figure 6.6. HT-XRD measurements for DNTPP thin film coated on ITO substrate. 
The results from SEM, AFM and XRD analysis showed that a thin film with optimized 
thickness of 55 (±5) nm annealed at 100°C is an ideal centroid constituting uniform thickness, 
crystallinity and good domain sizes for better charge transport. The thickness of the film was 
estimated from step size using stylus profilometer and is presented in Figure 6.7. 
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Figure 6.7. Step height measurement of DNTPP thin film. 
6.3.5 Thermal stability tests 
The thermal stability of the material was determined using thermo gravimetric analysis (TGA) 
from the onset degradation temperature To and the protocols employed are similar to the ones 
discussed in chapter 5, section 5.3.3. The onset degradation temperature was estimated to be 
~ 310°C as compared to the 308°C found for the 4-nitro phenyl derivative discussed in Chapter 
5, Section 5.3.3. The TG profile is presented in Figure 6.8.  The excellent thermal stability of 
the DNTPP derivative warrants their utility in electronic applications where joule heating is of 
frequent occurrence.
[37]
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. TGA analysis of DNTPP carried out in nitrogen atmosphere at a rate of 10 
o
C/min. 
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6.3.6 Device fabrication 
In order to test whether the material exhibits resistive switching characteristics, the test-cells 
were fabricated by sandwiching the active organic layer between indium tin oxide (ITO) and 
Aluminum (Al) as the two active electrodes. The fabrication protocols employed are similar to 
the ones used in Chapter 5. The detailed procedure for fabricating these devices was previously 
discussed in Chapter 4, Section 4.2 of this thesis. The ITO/Active layer/Al device configuration 
fabricated is schematically illustrated in Figure 6.9 along with an original device. 
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Figure 6.9. Schematic representation of the sandwich configuration and a fabricated device. 
6.3.7 Current density-Voltage (J-V) measurements 
To determine whether crystallinity plays a role in determining the resistive switching 
characteristics, device fabrication involving thin films annealed at 30°C and 80°C were carried 
out and tested to evaluate the switching performance. The voltage sweeps were carried out from 
0 to - 4V at a sweep rate of 100 mV.s
-1
 to evaluate the switching property of the device 
fabricated. In case of thin films annealed at 30°C, the J-V characteristics reveal that the devices 
exhibit a minimal non-linear change in current as seen from Figure 6.10a. In contrast, thin films 
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annealed at 80°C display moderate switching characteristics with an ON/OFF ratio of ~10
2
 at a 
threshold voltage of c.a. - 3V as noticed in Figure 6.10b. Interestingly, the OFF state current was 
found to be lower for thin films annealed at 80°C in comparison to films annealed at 30°C. The 
results indicate that thin-films with an adequate dose of crystallinity are most likely required to 
observe resistive switching characteristics given that the film annealed at 30°C showed no 
switching characteristics.  
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Figure 6.10. J-V characteristics for devices fabricated using thin films annealed at (a) 30°C (b) 80°C. 
 
Further, the J-V characteristic of the devices fabricated using thin film annealed at 100°C is 
illustrated in Figure 6.11a. As clearly seen, within the bias window of ±4V, the device remained 
in the high-resistance/OFF state (HRS) during the positive sweep (0 to 4V). Conversely, a 
voltage sweep from 0 to - 4 V (sweep 1) induces a switch from the OFF state with currents in the 
range of 1 nA to a ‘written’ ON state/low-resistance state (LRS) with currents in the order of 
0.1 mA, at a threshold voltage, Vth of ~ -2.9 V. In the absence (power off) of succeeding voltage 
sweeps, the device ‘self-resets’ to the pristine OFF state rendering the system with a short 
retention time which was estimated to be ca. 2 min. The OFF state can be repeatedly re-written 
to the ON state for ~ 110 cycles and could be read within the relaxation time (Figure 6.11a). The 
read-out sweep can be performed for every sweep within 2 min. These typical traits of write-
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read-“self-erase” vindicates that the device conforms to the behavior of volatile dynamic-
random access memory (D-RAM). As noted from Figure 6.11b, the devices exhibit bidirectional 
switching, albeit with a contrasting ON/OFF ratios. An ON/OFF ratio as high as ca. 10
5
 is 
evinced for the memory device in the voltage window of 0 to - 4V as compared to a low 
ON/OFF ratio of ~10
3
 observed in 0 to 10 V sweep (Vth ~ 6.2V). A high ON/OFF ratio is an 
essential prerequisite for distinguishing the individual bits (“0” or “1”) stored in the device .[38] 
Further, the threshold voltage (Vth) distribution for 110 cycles with Gaussian fit and cumulative 
frequency distribution is presented in Figure 6.11c. The mean (µ), standard deviation (σ), and 
Full-Width-Half-Maximum (FWHM) were calculated to be -3.1, 0.32, and 0.76 V, respectively. 
The minor fluctuations in the threshold voltage (Vth) during repeated cycling is attributed to the 
experimental conditions of the present study involving simple fabrication protocols.  
 
 
 
 
 
 
 
 
 
 
Figure 6.11. a) Representative J-V curves of ITO/DNTPP/Al illustrating the typical volatile D-RAM 
behavior b) Bidirectional switching exhibited by the sandwiched devices c) Threshold voltage distribution 
(Vth) of ~110 re-programmable cycles with cumulative frequency distribution  d) Threshold voltage 
distribution (Vth) of n=12 independent devices fabricated and tested under same experimental conditions. 
-4 -2 0 2 4 6
10
-10
10
-8
10
-6
10
-4
10
-2
-4 -2 0 2 4 6 8 10
10
-11
10
-9
10
-7
10
-5
c) d)
b)a)
Voltage (V) Voltage (V)
 J
 (
A
.c
m
-2
)
 Sweep 1  
 Read (< 2min)  
 Sweep 15
 Sweep 45   
 Sweep 75 
 Sweep 100  
"1"
"0"
 
 
 J
 (
A
.c
m
-2
)
 
 
 
-4.0 -3.5 -3.0 -2.5 -2.0
0
10
20
30
40
50
C
o
u
n
ts
Threshold Voltage (Vth)Threshold Voltage (Vth)
C
o
u
n
ts
0
40
80
120
C
u
m
u
la
tiv
e
 fre
q
u
e
n
c
y
-4.0 -3.6 -3.2 -2.8 -2.4
0
2
4
6
 
  
 
148 
 
To assure the reliability and reproducibility of the fabrication protocols developed device 
measurements over 12 independent devices which exhibit similar characteristics. The Vth 
distribution of all the devices is presented with a Gaussian fit as displayed in Figure 6.11d. The 
µ, σ and FWHM for the 12 separate devices were -3.25, 0.23, and 0.53 V respectively and the 
switching cycle for all the devices is presented in Figure 6.12. The results underline the 
excellent repeatability of the fabrication protocols and solidify the experimental observations. 
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Figure 6.12. J-V characteristics of n=12 Independent devices showing the resistive switching 
characteristics. All the devices were fabricated and tested under same conditions. 
Furthermore, the switch-ON state can be electrically sustained after the “write” cycle using a 
continuous stimulus of -1V for over 6000 seconds with an ON/OFF ratio of ~10
5
 (Figure 6.13a) 
demonstrating the impressive retention time observed for these devices. The current distribution 
for OFF and ON states under continuous electrical stress (retention/cycling tests) (Figure 6.13b) 
are presented with Gaussian distribution. As observed, a mean (µ), standard deviation (σ), and 
full-width half maximum (FWHM) of 4.7x10
-9
 A.cm
-2
, 1.35x10
-9
 A.cm
-2
, and 3.18x10
-9
 A.cm
-2 
for the OFF and 1.45x10
-4
 A.cm
-2
, 0.16x10
-5
 A.cm
-2
, and 3.84x10
-5
 A.cm
-2
 for the ON state 
(ON/OFF ratio of 10
5
) corroborates the remarkable non-destructive nature and stability of the 
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observed distinct resistive states. The statistical analysis carried out for the devices are 
summarized in Table 6.2. 
 
 
 
 
 
 
 
 
Figure 6.13 a) Retention tests carried out using a constant voltage stress of -1V for 110 read/write cycles, 
the read-out was performed within 2 min. b) Current distribution for the distinct OFF and ON states 
during cycling tests with a Gaussian fit. 
 
Table 6.2. Summary of the statistics calculated for 12 independent devices. 
 
State Mean (µ) Standard 
deviation (σ) 
Full-width half Maximum 
(FWHM) 
OFF 4.7nA.cm
-2
 1.35nA.cm
-2
 3.18nA.cm
-2
 
ON 145 μA.cm-2 1.6 μA.cm-2 38.4 μA.cm-2 
 
It is interesting to note that the devices were observed to operate exhibiting a linear diode 
region (-2 to 6V) and a resistive switching region (-3.0V and 6.2V) as seen in Figure 6.14. As 
the material under study is classified as a semiconductor, it would be interesting to exploit the 
diode region for opto-electronic applications and the discussions pertaining to the opto-electronic 
applications from the diode region are presented in Chapter 7.  
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Figure 6.14. Devices displaying diode region and switching region. 
6.3.8 Charge transport mechanism 
To investigate the charge transport mechanism responsible for the switching behavior in the 
fabricated devices, J-V characteristics in the OFF and ON states were plotted and fitted with 
theoretical models as elucidated in Figure 6.15a. The J-V curve in the OFF state contains three 
distinct regions i) an Ohmic conduction; JαV ii) Mott-gurneys law; JαV2 in the Space-charge 
limited current (SCLC) region iii) Exponential rise in current (trap-free SCLC). Considering the 
Schottky barriers formed at metal-active layer interface, a hole injection barrier (Δh) of ~ 0.7 eV 
and an electron injection barrier (Δe) of 0.45 eV exists at ITO and Al interfaces (Figure 1d). In 
the voltage sweep from 0 to - 4 V, the J-V curves follow a linear relationship until -1.6V obeying 
Ohmic conduction. At bias greater than - 1.6V, the barriers are overcome and the active 
electrodes, ITO and Al behave as hole and electron injecting contacts leading to a gradual 
accretion of space charges in the active layer matrix. The growing space charge polarization 
results in a quadratic relationship between current and voltage i.e., JαV2. The J-V curve in this 
region follows Mott-gurneys law which is a consequence of “trap-filling” process. When the 
external bias reaches - 2.97 V, the traps are saturated allowing the augmented charge carrier 
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concentration to move freely in the “trap-free environment”. This is observed as a sharp 
exponential increase in current which is responsible for written-ON state. After the ON state 
transition, the current is limited by the trap-free SCLC. A similar trend was observed when the 
devices were probed with a voltage sweep of 0-10 V. The higher threshold voltages (Vth ~ 6.2 V) 
observed here are attributed to the role reversal of ITO and Al as electron injecting and hole 
injecting contacts with higher Schottky barriers  i.e., Δh ~1.05 eV and Δe ~1.31 eV, respectively.  
Further, The ON state (Figure 6.15b) accessed within the relaxation time (~2 min) reveals that 
the J-V curve obeys the Ohmic conduction model as the conducting pathway exists for a short 
time before dissipating and reverting the device back to the OFF state. The flipping between OFF 
and ON states during repeated cycling follows the same charge transport mechanism indicating 
the memory behavior is governed by a typical SCLC-charge trapping/de-trapping mechanism.  
 
 
 
 
 
 
 
 
Figure 6.15. a) J-V curves depicting the experimental data fitted with theoretical models for OFF state 
and b) ON states. 
6.3.9 Nano-tip based resistive switching  
To investigate the origin of switching as well as uniformity of the switching throughout the 
thin film, conducting-AFM (C-AFM) studies were carried out using a Pt/Ir tip (electrochemically 
inert) with a radius of ~ 20 nm  and a schematic representation is presented in Figure 6.16, inset. 
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The experimental setup for C-AFM was detailed in Chapter 4, Section 4.2.3. The conducting tip 
allows concurrent acquisition of topographical and current maps along with I-V traces providing 
substantial insights into the topographical changes, and localized switching characteristics taking 
place on the film surface. The I-V traces (Figure 6.16) were collected in ±10 V bias window 
with a current compliance (CC) of ± 250 pA by applying bias to the Pt-tip while the underlying 
ITO electrode remained grounded. In the first voltage sweep from -10 V to 10 V, the current 
flips to a HRS and switches back to a LRS at ~ 5.3V with an ON/OFF ratio of ~10
2
. Subsequent 
ramping from 10V to -10 V turns the ON state to OFF state instantly and the HRS state reverts 
back to the LRS state at ca. – 5.5V validating the bidirectional switching and volatile memory 
behavior observed in the macroscopic functional devices, as discussed in previous sections 
(Section 6.3.7). However, it must be noted that the threshold voltages observed in c-AFM 
experiments were found to be different compared to the fabricated MIM devices due to factors 
like work function of top electrode (Al vs Pt), 
[39]
 operating experimental conditions
[40]
 and the 
high contact resistance experienced by the tip. Also, the slightly unstable ON state that can be 
noticed in the bias sweep from 10 V to -10V (Figure 6.16a, colored red) is predicted to have 
resulted due to the C-AFM tip with a current compliance as opposed to the functional devices.  
 
 
 
 
 
 
 
Figure 6.16. Localized I-V traces acquired for ITO/DNTPP/Pt-tip illustrating the typical bidirectional 
switching and volatile DRAM behavior. 
0 50 100 150 200
0
50
100
150
200
-3 0 3 6 9 12 15
0
3
6
9
12
15
-10 -5 0 5 10
-300
-150
0
150
300
450
0.0 0.5 1.0 1.5 2.0
0
50
100
150
200
250
ON
 
 
-Z
" 
(K

)
Z' (K)
 OFF 1    ON 1
 OFF 2    ON 2
 OFF 3    ON 3  
 OFF 4    ON 4
 OFF 5    ON 5
OFF
 Z' (K)
 
 
-Z
" 
(K

)
c)
f)e)
b)
   2
nd
cycle
6V
1V
   CC
 
 
Bias (V)
   CC
C
u
rr
e
n
t 
(p
A
)
 
 
C
u
rr
e
n
t 
(p
A
)
Size (m)
153 
 
Intrigued by the results, fixed voltages of 1V and 6V were applied to Pt conducting tip in raster 
scan (imaging) mode to record an OFF/ON local map of current generated. The area under scan 
(10x10 μm2) shows minimal currents during the 1V line traces, whilst the 6V scans exhibited 
sharp increase in currents (ON state); seen as bright spots (Figure 6.17, ON). The Off state (after 
first raster scanning) can be “re-written” (Figure 6.17) in the subsequent cycle indicating the 
stability of observed resistive states. 
 A representative line profile of randomly selected points in the current map (Figure 6.17) is 
displayed in Figure 6.18a. The non-uniformity of the current densities observed in the scanned 
area (Figure 6.17) originates from the surface topology of the film and tip-sample interactions, 
wherein the tip is widely believed to act as an electrical point source.
[41,42]
  Nevertheless, distinct 
resistive states with an ON/OFF ratio of ~10
2
 clearly observed can be digitalized to encode 
binary logic states (“0” or “1”) even under extremely low compliance current of ± 250pA. The 
low compliance currents ensure that the current passing through the tip is minimal and prevents 
the damage to tip and conducting cantilever. 
 
The results exemplify the immense prospects of this material for realizing millipede/nano-
scale devices with possibility for high-density data storage (HDDS). The topology/height (z) data 
acquired during the C-AFM study provides comprehensive understanding of changes occurring 
on the film surface during the Pt tip-induced switching and are presented in Figure 6.18b. The 
surface of the film remained intact before (1V) and after (6V) the electrical phenomenon which 
alleviates the concern of sample damage under constant electrical stress.  
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Figure 6.17 Local current maps obtained for OFF and ON states using C-AFM studies for the first cycle 
and Subsequent 2
nd
 cycle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.18. (a) A line profile from showing the current intensities for the written areas (b) topographical 
images before and after the molecular switching indicating no change in the surface. 
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I-V traces obtained from C-AFM experiments were used to analyze the charge transport 
mechanism. As illustrated in Figure 6.19, the I-V curves followed a similar trend displaying 
distinct regions of Ohmic conduction and SCLC confirming that the mechanism governing the 
resistive switching is a classical charge trapping/de-trapping as observed earlier in fabricated 
devices. The platinum (Pt) tip used for C-AFM studies is electrochemically inert which excludes 
the involvement of metallic filament/diffusion. Also, the current observed was found to be area 
dependent which is a characteristic of SCLC theory. The results observed corroborates the fact 
that, the resistive switching observed is truly a molecular phenomenon and sole resultant of 
changes related to intrinsic electronic properties of the material. 
 
 
 
 
 
 
 
Figure 6.19. I-V characteristics from C-AFM studies depicting the charge transport mechanism. 
6.3.10 Electrochemical impedance spectroscopy (EIS) analysis  
The molecular switching involving two different resistive states (HRS and LRS) should 
possibly encompass physical processes like intra and/inter molecular charge transfer interactions, 
molecular polarizability, resistive and capacitive contributions from the grain boundaries which 
are very sensitive in the frequency domain and therefore should well reflect in the alternating 
current (AC) impedance spectrum.
[43]
 Electrochemical impedance spectroscopy (EIS) studies 
were carried out to gain a deeper understanding of the charge transport dynamics in the OFF and 
ON states,. The typical complex-plane Nyquist plots of ITO/DNTPP/Al device obtained in a 
1 2 3 4 5
38.0p
40.0p
42.0p
44.0p
46.0p
IV
2
 
 
C
u
rr
e
n
t 
(A
)
Bias (V)
IV
156 
 
frequency sweep of 4MHz to 100 Hz carried out with an AC amplitude of ±10 mV relative to the 
OFF or ON state probing voltage is shown in Figure 6.17. A voltage of - 0.5 V and - 3.0 V was 
applied to the device during frequency sweep to induce the formation of HRS and LRS states.  
As observed earlier from direct current measurements (DC), the ON state possesses a short 
retention time and relaxes back to the high resistive OFF state which can be repetitively 
“toggled” back to the ON state as seen from the few cycles presented (Figure 6.20). Such 
dramatic change in the charge transfer resistance (RCT) is a resultant of intra and /inter molecular 
charge transfer interactions taking place in the thin film during the space charge accumulation.
[43]
 
An appearance of two resolved semi-circles in the ON state (inset, Figure 6.20) indicates the 
presence of two relaxation constants, τ1 and τ2, respectively. At lower frequencies (frequency 
decreases from left to right in the impedance spectrum), the second semi-circle is observed to 
have pure resistive and capacitive contributions rather than the typical interfacial build-up of 
charges at the active layer-metal electrode interface leading to an increased capacitive behavior.  
 
 
 
 
 
 
 
 
Figure 6.20 Complex-plane Nyquist plots obtained and presented for a few cycles. The inset depicts an 
OFF-ON cycle. 
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6.3.11 Plausible mechanism and theoretical simulation studies 
To obtain further insights into the mechanism governing the volatile resistive switching, 
theoretical simulations were carried out using Gaussian 09 program package employing B3LYP 
6-311G (d,p) basis set parameters to visualize the Frontier Molecular Orbitals (FMOs), and 
Electrostatic Potential maps (ESP) which are presented in Table 6.3. As noted from the iso-
contours of FMOs, the HOMO is localized pre-dominantly on fused pyrrole units while the 
LUMO is located over acceptor units. The ESP maps display the electron cloud delocalized 
along the quadrupolar backbone (A-π-D- π-A) with positive (Colored blue) and negative regions 
(red). It can be visualized that, under an external electric field all the traps get saturated resulting 
in a trap-free environment wherein the polarized molecules form a conducting channel leading to 
a sharp increase in current; reflected as the flipped-ON state. However, a very weak dipole 
moment (0.025 Debye) ensures that the molecule lacks the ability to retain the charge separated 
state under the absence of electric field resulting in a meta-stable ON state with a short retention 
time (volatile DRAM characteristics). 
[44]
 
Table 6.3 The FMOs, isocontours and electrostatic potential maps for DNTPP calculated at 6-311 G (d,p) 
basis set parameters. 
 
 
 
 
 
 
 
Optimized geometry HOMO LUMO ESP and 
Dipole moment : 
0.025 Debye 
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Furthermore, a theoretical experiment was conceptualized to visually elaborate the switching 
process from a molecular perspective. As observed from Table 6.4, when 2e
-
 (negative charge) 
were added to the system, the regions shown in “red” started to delocalize over the conjugated 
backbone. This is further augmented when 4e
-
 and 6e
-
 were added to the system. A similar trend 
was observed for system with simultaneous positive charge (holes) polarization (see Table 6.5). 
It can be inferred that at a critical threshold bias, ne
-
 accumulated in the active layer matrix 
results in an extended polarization (space-charge accumulation) of all the conjugated organic 
molecules, thus forming a conducting channel (trap free environment) between two electrodes. 
The channel allows a free hopping of charge carriers leading a high conducting (ON) state. A 
clear lack of separation between HOMO and LUMO orbitals with balanced charge distribution is 
noticed which accounts for the very weak dipole moment observed. As a consequence, a 
“shallow-trap” environment generated endows the ON state with a short life-span. 
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Table 6.4. The optimized structures, Frontier molecular orbitals (FMOs), their iso-contours and 
Electrostatic Potential (ESP) maps for the DNTPP
+2e-
, DNTPP
+4e-
, and DNTPP
+6e-
 calculated at DFT-
B3LYP/6-311G (d,p) level. 
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Table 6.5 DFT calculations for positive charge polarization (hole injection). The dipole moment 
estimated was found to be 0.023 Debye. 
 
6.4 Conclusions 
In this chapter the effect of structural modifications was explored further by replacing the phenyl 
π-spacer in the 4-nitrophenyl derivative by a thiophene unit in the A-π-D-π-A configuration. The 
resulting changes were well reflected in optical, electrochemical and electronic characteristics. 
To summarize: 
 The electro-active DNTPP when fabricated in a vertical sandwiched charge transport 
diode (MIMs) configuration with ITO and Al as active electrodes yielded a volatile re-
programmable dynamic random access memory behavior with an ON/OFF ratio of ~10
5
 
and retention time of 2 min. The ON state could be sustained with a continuous -1V 
electrical stimulus for over 6000 seconds.  
 An impressive cycling endurance of ~110 cycles is very promising for the devices 
lacking hermetic encapsulation. The reproducibility of the observed results was 
DNTPP
-2e- 
 
 
 
 
 
 
 
 
 
 
 
 
Optimized 
geometry 
HOMO LUMO ESP 
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authenticated over 12 devices with a standard deviation of 0.23V in the threshold 
voltages which underscores the reliability of the fabrication protocols 
 The devices displayed two regimes: i) diode region and ii) resistive switching region. 
Given that the material is a semiconductor, the diode region can be exploited for an opto-
electronic application 
 The localized I-V traces from C-AFM studies (Pt tip, ~ 20 nm radius) exhibited 
bidirectional switching and a similar volatile memory behavior with an ON/OFF ratio of 
10
2
 under a CC of ± 250 pA. The films could be electrically programmed to “0” and “1” 
state using 1V and 6V bias, respectively under extremely low CCs which are attractive 
for developing inexpensive nano-scale devices suitable for high density data storage. 
  I-V characteristics acquired from the devices as well as C-AFM studies reveal that a 
space-charge assisted charge trapping/de trapping mechanism is responsible for the 
observed memory effect and validates the origin of resistive switching is inherent to the 
molecule alone.  
 EIS studies were employed to understand the charge transfer interactions and interfacial 
kinetics facilitating the switching phenomenon. The temporary remanence observed for 
the devices is attributed to the presence of “shallow-trap” environment as evidenced from 
DFT and TD-DFT studies.  
The result presented in this chapter as well as in Chapter 5 of this thesis establishes a 
strong premise for understanding structure property dependent memory performance. A compreh
-ensive research with further optimization of parameters is expected to bolster the consistency of 
the device performance. These findings highlight the choice of air-stable fused pyrrole systems 
as electro-active materials for realizing next generation organic memory devices.  
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Chapter 7 
 
Exploring the opto-electronic properties in the diode 
regime; realizing single component organic 
photodetectors with broadband sensitivity 
The material (DNTPP) discussed in chapter 6 showed improved optical and electro-chemical 
properties which can be exploited to tune the device for an opto-electronics application. The 
fabricated devices operating in the diode region function as single component organic 
photodetectors capable of broadband light detection between 350 - 830 nm. For a single 
component organic system, the dark current densities are as low as 1.8 x10
-10
 A.cm
-2
 at 1V to 
7.2 x10
-9
 A.cm
-2
 at 6V. This feature renders an operating range of 1-6V to amplify the 
photocurrent signal, spectral responsivity and detectivity. The devices operating in reverse 
bias at 6V yielded best results displaying broad spectral responsivity (R) and very good 
detectivity (D*) peaking a maximum 0.9 mA.W
-1
 and 1.9x10
10
 Jones (623 nm, 500 μW.cm-2) 
with a fast rise and decay times of 75 and 140 ms, respectively.  
 
The research work presented in this chapter has been published as: 
 
Ram Kumar C.B., Ahmad Esmaielzadeh Kandjani, Christopher J. Harrison, Sulthan Syed 
Alaudeen Abdul Haroon Rashid, Ylias M. Sabri, Suresh Kumar Bhargava, Ramanuj Narayan, 
Pratyay Basak, and Samuel J Ippolito. 1,4-dihydropyrrolo[3,2–b]pyrroles as a Single Component 
Photoactive Layer: A New Paradigm for Broadband Detection. ACS Appl. Mater. Interfaces, 
2017, 33, 27875-27882.  
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7.1 Introduction 
In recent years, organic π-conjugated molecules have received unprecedented interest in 
scientific and industrial community as active components for detection of light.
[1]
 Employing 
simple synthetic strategies enable their molecular structure to be selective towards a specific 
wavelength
[2,3]
 or a broadband spectrum covering ultraviolet (UV), visible and near infra-red 
(NIR) regions making them useful for panchromatic/broadband optical sensing applications.
[4,5]
 
Their integration with cost effective large-scale fabrication techniques such as  spray/spin/dip 
coating,
[4,6]
 printing and roll to roll processing
[7,8]
 can produce flexible, lightweight, 
transparent/semi-transparent
[9]
 devices, which are expected to revolutionize the way 
(opto)electronic devices are conceived and designed. Organic photosensitive materials have been 
a popular choice for multitude of applications like image sensing,
[10,11]
 colour scanners,
[12]
 e-eye 
and/artificial vision,
[13]
 optical and/remote sensing,
[14]
 electronic textiles/skin
[15,16]
 for gas 
sensing,
[17,18]
 health monitoring
[15,19–21]
 and environmental surveillance
[7,22,23]
 , to name but a few. 
Conventional panchromatic/broadband organic photodetectors incorporate molecules with 
either complimentary absorption spectrum or create a bulk heterojunction (BHJ) medium in 
conjunction with fullerene acceptors.
[4,5,24,25]
 However, recent developments adopt a hybrid 
approach by bringing together the benefits of organic and inorganic materials to achieve 
broadband spectral response.
[26–28, 30]
 Unfortunaterly, involving a cocktail of molecules can be 
challenging due to the photo-induced oxidation
[29]
 of organic components, which results in device 
instability. Similarly, the optical response of the organic-inorganic hybrid devices is highly 
dependent on the homogeneity, orientation and interface charge transfer between the organic-
inorganic components that increases the cost and complexity of the device production.
[30]
 These 
challenges could be ovecome by envisaging a single component active layer with ability to 
absorb light over a broad wavelength spectrum, transport electrons and holes while exhibiting 
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superior oxidative stability against air and light. Moreover, most single component organic 
materials suffer from tedious synthetic strategies, low solubility, high dark currents, low spectral 
responsivity which are important parameters to evaluate when designing organic based 
photodetectors.
 [31-37] 
The DHPP derivative (DNTPP) presented in chapter 6 will be investigated 
in this body of work to overcome these limitations. 
The interesting electrical properties
 
displayed by DHPP derivatives (Chapter 5) and its 
upgraded version involving thiophene as π-spacer (Chapter 6) was discussed in previous 
chapters. Based on the earlier observations, and with aid of suitable structural modifications, the 
synthesized DHPP derivative i.e., DNTPP (Chapter 6) with improved optical and 
electrochemical properties can be potentially exploited for opto-electronic application. To the 
best of authors’ knowledge, this is reported for the first time. 
This chapter discusses the potential opto-electronic application of DNTPP, which is a 
synthesized analogue obtained by replacing the phenyl π-spacer in the A-π-D-π-A structure with 
a thiophene unit. This structural alteration using thiophene spacer revealed a series of advantages. 
First, an enhanced red shift observed in the UV-Vis spectrum is an indication of improved intra-
molecular charge transfer (ICT). This phenomenon has been discussed in detail in chapter 4 and 
chapter 5 of this thesis. Second, the molecule retained the amphoteric redox characteristic 
facilitating the transport of both electrons and holes. This current work successfully coupled the 
enhanced optical and electrochemical characteristics in realizing an organic photodetector for 
broadband optical sensing. The fabricated devices, albeit devoid of encapsulation and tested in 
ambient air, showed excellent responses to monochromatic light sources of UV (365 nm), blue 
(470 nm), green (525 nm), yellow (589 nm), red (623 nm) and near infra-red (830 nm), 
respectively. 
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7.2 Material synthesis  
The synthesis and chemical characterization of the material DNTPP is presented in Chapter 3, 
Section 3.3.6. The chemical structure of the material is presented in Figure 7.1 for readers’ 
convenience. The highlighted part of the structure represents the structural change undertaken in 
the molecular framework. The chemical characterization pertaining to the molecule has been 
presented in Chapter 3, Section 3.3.6.  
 
Figure 7.1 The chemical structure of DNTPP. 
7.3 Results and Discussion 
The optical sensing performance, electrochemical evaluation, device fabrication and opto-
electronic characteristics of photodiodes are discussed comprehensively in the following sections.  
7.3.1 Optical and electrochemical characteristics 
To obtain significant insights into the electronic transitions (-*) and aggregations induced by 
intra and/inter-molecular interactions in thin films, the electronic absorption spectrum of the 
synthesized 5-nitrothienyl pyyrolo[3,2-b]pyrrole derivative was recorded to evaluate its photo-
physical properties. The solution and solid state UV-Vis absorption spectra for 10μM DNTPP in 
THF solvent and thin films spin coated on quartz substrates are provided in Figure 7.2a. The 
absorption spectra are normalized for the ease of comparison. A significant bathochromic (red) 
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shift in the absorption spectra with a λmax ca. 550 nm is observed for the DNTPP derivative when 
the phenyl pi-spacer of the 4-nitrophenyl derivative (λmax 479 nm) 
[33] 
was replaced with a 
thiophene unit. This bathochromic shift can be ascribed to the enhanced polarization and intra-
molecular charge transfer (ICT) in the quadrupolar A-π-D-π-A structure.[33] An increment in the 
co-planarity of the system in tandem with an improved conjugation brings forth the observed 
change.
[38]
 The DNTPP derivative displayed an additional shoulder at ca. 628 nm and also a 
prominent red shift in the onset of their absorption tail in the thin film indicating the pronounced 
effect of molecular aggregations.
[39]
 The redox behavior of DNTPP was assessed using cyclic 
voltammetry (CV) study which is shown in Figure 7.2b. The DNTPP derivative displayed 
typical reversible amphoteric redox characteristics
 [33]
 with onset oxidation and reduction at 1.1 V 
and –0.65 V, respectively. The ionization potential (HOMO) and electron affinity (LUMO) 
values of -5.51 eV and - 3.75 eV were calculated from the data presented in Figure 7.2b using 
ferrocene external standard
 [33] 
and reported versus vacuum. The lower LUMO value of DNTPP, 
as compared to its phenyl predecessor (-3.61 eV) is a consequence of improved conjugation 
offered by thiophene units in the molecular backbone. 
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Figure 7.2. a) Electronic absorption spectra in solution and solid state (with the simulated spectrum), the 
inset is the UV-Vis absorbance spectrum from 800 to 900 nm of the thin film on quartz  b) Cyclic 
voltammetry curve of DNTPP. 
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 The improved optical characteristics and dual donor-acceptor capability within the same 
architecture evokes great interest to explore this material as a single component system for opto-
electronic applications. 
7.3.2 Molecular simulation and calculations 
 
The Density Functional Theory (DFT) and Time-dependent Density Functional Theory (TD-
DFT) were calculated using Gaussian 09 software package
 [44]
 with B3LYP/6-311G (d, p) basis 
set parameters along with gauss sum add-on software. The molecular simulations were carried 
out to assess the frontier energy levels and allowed electronic transitions in the molecule as well 
the density of states. The HOMO and LUMO levels estimated from TD-DFT calculations were 
found to be -5.53 eV and -3.00 eV (Eg ~2.5eV), which were in good agreement with 
electrochemical measurements as shown in Figure 7.3a.  
The DFT calculations were also carried out to visualize the frontier molecular orbitals seen 
from Figure 7.3b. The HOMO is distributed throughout the conjugated backbone but 
predominantly located on fused pyrrole unit, whereas the LUMO is primarily concentrated over 
the nitro groups. The optical excitation shifts the electron density from HOMO to LUMO leading 
to an intra-molecular charge transfer responsible for the observed experimental red shift in the 
absorption spectra of DNTPP derivative. The simulated UV-Vis spectrum (i.e. dashed line in 
Figure 7.2a) correlates well with the experimental observations as shown in Figure 7.2a. 
However, it should be noted that the effects of solvent and aggregations in solution as well as 
thin-films are relaxed in DFT and TD-DFT calculations, thus a minor deviation in predicted 
values is observed.  
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Figure 7.3. a) Simulated density of states (DOS), b) optimized geometry and frontier molecular orbitals of 
DNTPP calculated using DFT. 
7.3.3 Thin film analysis 
The parameters for obtaining an optimal thin film for the present study have been discussed in 
detail in the previous Chapter 6, Section 6.3.2, 6.3.3 and 6.3.4, respectively. As discussed earlier 
the thin film annealed at 100°C has been found to demonstrate good crystallinity, well-defined 
microstructures and homogeneity in the thin film. The well-defined microstructures noticed in the 
active layer are attributed to enhanced intermolecular interactions expected to facilitate better 
charge transport, can play crucial role in exciton separation and improve the device performance. 
These factors are imperative when considered from an opto-electronic application stand point.  
The SEM and AFM images of thin film annealed at 100°C are summarized here for the sake 
of readers’ convenience in Figure 7.4. 
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Figure 7.4. a) SEM b) AFM image (10x10μm2) c) 3D image  of DNTPP thin film coated on ITO 
substrate annealed at100°C. 
The thickness of the active layer in OPDs is known to play a critical role in determining response 
time and charge carrier transit times for a better photocurrent. The thickness measurements were 
validated from SEM and profilometer measurements. Note that, the SEM cross-section presented 
in Figure 7.5 is the side view of the thin film coated on substrate. The thickness was validated for 
10 samples and the average thickness with the standard deviation is ~55 (+5) nm. For the present 
study, a thickness of 55 (+5) nm was maintained to form a homogenous film possessing uniform 
micro-structure and with well-defined domains. 
 
 
 
Figure 7.5. Step height measurement and side view of SEM cross-section image of DNTPP thin film. 
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7.3.4 Device fabrication 
It is well understood that the choice of metal electrodes play a crucial role in determining the 
efficiency of charge carrier transport and collection at the metallic contacts that form the 
material-electrode interfaces in the device. The HOMO and LUMO levels along with the work 
function of the active electrodes used (ITO and Al) are depicted in Figure 7.6 along with an 
example image of a substrate with 4 devices. A vertical device of organic photodiodes (OPD) 
fabricated in a sandwich configuration of ITO/DNTPP/Al is shown in Figure 7.6 along with the 
calculated energy levels and its alignment with the active electrodes. In the present study, ITO 
was used as the bottom electrode owing to its high transparency in the wavelength range of 350-
850 nm with a minimal hole injection barrier (ϕhib ~ 0.7 eV), whereas Al offers an electron 
injection barrier (ϕeib) of ca. 0.45 eV. The device fabrication protocols employed are similar to 
ones employed in Chapter 5 and Chapter 6. A detailed discussion was presented in Chapter 4, 
Section 4.1.  
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Figure 7.6. Schematic representation and a picture of fabricated organic photodiode device and energy 
level alignment with active electrodes. 
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Current density-Voltage (J-V) characteristics, photoresponse and time resolved photoresponse 
studies were carried on Iviumstat workstation using a custom made photo-detecting chamber 
which isolates the device from external light. Additional details regarding the transient photo-
current measurements and experimental setup is described in Chapter 4, Section 4.3. 
7.3.5 Opto-electronic characterization of the photodiodes 
The preliminary optical studies suggest that the photo-active layer was sensitive to photons in 
the 350 nm to 850 nm range.  The typical diode like J-V characteristics under dark (green curve) 
and continuous illumination (red curve) with 623 nm light source at a radiant power density of 
810 μW.cm-2 is presented in Figure 7.7. Note that the voltage window is confined to -2V to +6V 
DC for all the opto-electronic characterizations as sweeping beyond this window will result in 
resistive switching as discussed in Chapter 6, Section 6.3.7, Figure 6.14. The J-V curves under 
illumination at 623 nm exhibit a pronounced change in the current density as compared to the 
dark conditions as the bias voltage of the devices was swept from -2V to +6V DC at a scan rate 
of 50 mV.s
-1
. The non-linearity observed is attributed to the presence of Schottky barriers at the 
active material-electrode interfaces leading to a non-Ohmic contact between the ITO and Al 
electrodes and the DNTPP thin film.  The blue curve in Figure 7.7 shows J-V characteristics 
during a voltage sweep with pulsated light using 10 s for the Off and 5 s for the On states. This 
data clearly shows that the current observed under dark and light conditions was highly reversible 
and stable. It can be clearly observed that the photocurrent increases with increase in bias, as seen 
in Figure 7.7. Also, current observed under illumination correlated well with the steady-state 
current observed in the pulsated light conditions.   
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Figure 7.7. J-V characteristics under dark, light and pulsed conditions (10 s in Off and 5 s in On state). 
 
    The photo-current dependence of devices operating at a reverse bias (6V) when exposed to a 
series of varying optical power density in the range of 67-810 μW.cm-2 as a function of time is 
depicted in Figure 7.8a. It can be noted that the photon-detector distinguishes a light signal  
 
Figure 7.8. a) Incident light intensity vs photo-current as a function of time b) photocurrent vs optical 
power density at different reverse bias (1-6V). 
 
as weak as 67 μW.cm-2 from the background current, which is significant to enhance 
the responsivity and detectivity. Plots of photocurrent at steady state versus varying optical power 
density measured at different reverse bias (1 to 6V) provide insights into the relationship between 
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photocurrent and incident light intensity and are shown in Figure 7.8b. It was found that the 
photocurrent increases linearly within the optical power range specified implying that higher 
power densities result in generation of more excitons. 
Time dependent photo-response measurements are an important feature for photodetectors 
especially in the field of optical communication and image/color sensing applications. Current 
density-Time (J-T) curves representing the transient photoresponse of the devices are presented 
in Figure 7.9 for 5 pulses at an intensity of 810 μW.cm-2. The device displayed reliable 
photoresponses under continuous ON/OFF modulations assuring stable and reproducible 
behavior. The tests were also carried out for 30 pulses to validate the results observed. It is 
interesting to note that the transient photocurrent signals observed in all experiments (Figure 7.7-
7.9) so far, exhibited an overshoot and small decay before attaining a steady state when the light 
is turned on. The decay in the current is generally attributed to the formation of trap-free 
environment in the crystalline film.
[40] 
It is noteworthy to mention that, the dark current densities 
under constant ON/OFF transitions remained as low as 7.2 nA.cm
-2
 even under an operational 
reverse bias of 6V. Extended tests using 30 continuous pulses displayed similar behavior. Such 
behavior is an essential prerequisite toward enhancing the photo-current gain, spectral 
responsivity and photodetectivity with minimal contributions from dark current.  
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Figure 7.9. Time dependent dynamic photocurrent measurements under continuous on/off modulations at 
810 μW.cm-2 operating at 6V (dashed green lines show steady currents for dark and photoexcited states). 
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The response characteristics of the photo-signals were used to analyze the rise time and decay 
times. The time resolved photocurrent can be described using exponential fit (Figure 7.10a) for 
rise time and decay time with following equations;  
𝐼(𝑡) = 𝐼𝑑𝑎𝑟𝑘 + 𝐴𝑒
𝑥
𝑡𝑟⁄  , Eq 7.1 
𝐼(𝑡) = 𝐼𝑑𝑎𝑟𝑘 + 𝐴𝑒
𝑥
𝑡𝑑⁄  , Eq 7.2 
 
Figure 7.10. a) Exponential fit for rise and decay in transient photoresponse measurements. b) Rise time 
and decay time calculations (dashed green line shows steady state current). 
 
Wherein Idark is dark current density, A and x are scaling constant and time constants, τr, τd are 
rise and decay times. The devices exhibit rapid rise when the light was turned on and 
instantaneous decay when the light was turned off. The rise time (τr) and decay time (τd) of the 
device at 623 nm was measured to be 75 ms and 140 ms as seen from Figure 7.10b. J-V 
characteristics, Intensity versus Photo-current measurements, rise and decay times, and temporal 
photo-response studies for all wavelengths i.e., 365, 470, 525, 589 nm are provided below 
(Figure 7.11 to Figure 7.14). 
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Figure 7.11. Photo response tests at 365 nm a) J-V characteristics under dark, light and pulsed 
conditions (10 s in Off and 5 s in On states) b) incident light intensity vs Photo-current as a 
function of time c) Photocurrent vs optical power density at different reverse bias (1-6V) d) time 
dependent dynamic photocurrent measurements under continuous on/off modulations at 1190 
μW.cm-2 operating at 6V (dashed green lines show steady currents for dark and photoexcited 
states e) rise time and decay time calculations (dashed green line shows steady state current). 
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Figure 7.12. Photo response tests at 470 nm a) J-V characteristics under dark, light and pulsed conditions 
(10 s in Off and 5 s in On states) b) incident light intensity vs Photo-current as a function of time c) 
Photocurrent vs optical power density at different reverse bias (1-6V) d) time dependent dynamic 
photocurrent measurements under continuous on/off modulations at 1520 μW.cm-2 operating at 6V 
(dashed green lines show steady currents for dark and photoexcited states e) rise time and decay time 
calculations (dashed green line shows steady state current). 
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Figure 7.13. Photo response tests at 525 nm a) J-V characteristics under dark, light and pulsed conditions 
(10 s in Off and 5 s in On states) b) incident light intensity vs Photo-current as a function of time c) 
photocurrent vs optical power density at different reverse bias (1-6V) d) time dependent dynamic 
photocurrent measurements under continuous on/off modulations at 900 μW.cm-2 operating at 6V (dashed 
green lines show steady currents for dark and photoexcited states e) rise time and decay time calculations 
(dashed green line shows steady state current). 
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Figure 7.14. Photo response tests at 589 nm a) J-V characteristics under dark, light and pulsed conditions 
(10 s in Off and 5 s in On states) b) incident light intensity vs Photo-current as a function of time c) 
photocurrent vs optical power density at different reverse bias (1-6V) d) time dependent dynamic 
photocurrent measurements under continuous on/off modulations at 370 μW.cm-2 operating at 6V (dashed 
green lines show steady currents for dark and photoexcited states e) rise time and decay time calculations 
(dashed green line shows steady state current). 
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The photo-response of the devices at a normalized radiant power density of 500 μW.cm-2 for 
365, 470, 525, 589, 623, 830 nm wavelengths are presented in Figure 7.15a and Figure 7.15b. 
As seen, the J-V curves and time dependent photo-responses in correlation with the optical 
studies (Section 7.3.1) depicted a trend in the magnitude of photoresponse as follows; 940 nm < 
830 nm < 365 nm < 470 nm < 525 nm < 589 nm < 623 nm. The device exhibited relatively 
higher photoresponse to 623 nm as the energy of the impinging photons is within the proximity 
of the HOMO-LUMO gap i.e., Eg ~1.72 eV (calculated from the onset of absorption in the thin 
film (shown in Figure 7.2a). The excitons generated through photo stimulation using 623 nm 
wavelength source most likely results in efficient exciton dissociation at the D-A interface; this 
results in majority of charges collected at the electrode interfaces via intra-molecular charge 
transfer
 [41] .  
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Figure 7.15. Photo response tests at a normalized power density of 500 μW.cm-2 a) J-V characteristics 
under dark and light for 365, 470, 525, 589, 623 and 830 nm b) time dependent photoresponse 
measurements. 
 
Comparitively, high energy wavelength based photonic excitations experience longer 
relaxation times before dissociation at the interfaces. Thus a relatively low photo-response is 
evinced for 365, 470, 525, 589 nm as co pared to 623 nm. As inferred from the electronic 
absorption spectra (Figure 7.2a) the minimal photoresponse observed for 830 nm and 940 nm 
can be explained using the low absorption (spectral cutoff) seen for these wavelengths as shown 
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in Figure 7.2a. The results are well supported in conjunction with DFT and TD-DFT studies 
(shown in Figure 7.3) which aligned with the observed experimental findings. 
Furthermore, the device exhibited an interesting feature of self-operational mode under the 
absence of an external bias as shown in Figure 7.16. Single-component organic moieties 
exhibiting self-powered mode are rarely reported since the internal built in potential is not 
sufficient to separate the photogenerated excitons.
[4]
 However, it is interesting to note that the 
quadrupolar A-π-D-π-A molecular structure of the DNTPP is equipped with an efficient built-in 
electric field to dissociate the excitons, which are swept away and collected at the electrodes. 
This due to the highly polarizable structure of the DNTPP derivative containing highly electron 
deficient 5-nitrothienyl groups and highly electron rich pyrrolo[3,2-b]pyrrole core. This feature in 
particular makes this material an attractive candidate for self-powered OPD applications.  120 130 140 150 160 170
0.0
30.0
60.0
90.0
120.0
150.0
12 16 20 24 28
-25.0
-20.0
-15.0
-10.0
-5.0
0.0
5.0
-2 -1 0 1 2 3 4 5 6
-60.0
-30.0
0.0
30.0
60.0
@ 0V
@ 6V
Time (s)
  
 
Time (s)
 
 365 nm   470 nm
 525 nm   589 nm 
 623 nm
 365 nm
 470 nm
 525 nm
 589 nm
 623 nm
 
 
 
Wavelength  
 Dark
 365 nm   470 nm
 525 nm   589 nm
 623 nm   830 nm
b)
C
u
rr
e
n
t 
d
e
n
s
it
y
 J
(n
A
.c
m
-2
)
C
u
rr
e
n
t 
d
e
n
s
it
y
 J
(n
A
.c
m
-2
)
500W.cm
-2
 
 
C
u
rr
e
n
t 
d
e
n
s
it
y
 J
(n
A
.c
m
-2
)
Voltage (V)
a)
365 nm 470 nm 525 nm 589 nm 623 nm
0
100
200
300
400
500
 
 
 Rise time
 Decay time
T
im
e
 (
m
s
)
A
 
Figure 7.16. Self-operational mode at 0V. 
The rise and decay times for all wavelengths (365, 470, 525, 589, and 623 nm) were calculated 
based on the equations 7.1 and 7.2. The device exhibits swift rise and decay time to 623 nm while 
displaying similar response to 525 and 589 nm. However, when 365 and 470 nm light sources 
were used, the device displayed comparatively slower rise times of 106 and 110 ms. From the 
observations, it can be rationalized that favorable charge carrier transit resulted in faster response 
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times for 623, 589 and 525 nm as compared to 470 and 365 nm. The results are presented in 
Figure 7.17. 
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Figure 7.17. Rise time and decay time comparisons for wavelengths 365, 470, 525, 589, and 623 nm at an 
operational bias of 6V. 
 
7.3.5.1 Stability Tests 
The stability tests at 500 μW.cm-2 for 623 nm illumination was carried out to confirm that the 
photocurrent remained stable under dark and light conditions without any degradation. As seen 
from Figure 7.18, the reliability of the responses can be ascertained under a continuous On/Off 
modulations with pulse timings of 10 s for the off state and 5 s for the on state, respectively for 
600 s. Furthermore, the long term stability of the sensor was confirmed from a 3 month long test 
wherein the sensor was tested for 600s every one month. Note that the sensor was preserved 
under no special conditions-rather they were stored in open air with minimal care.  
The coefficient of variation (CoV) calculated for the photo-current was found to be 2.76 % (1
st
 
month), 3.33 % (2
nd
 month) and 4.18 % (3
rd
 month) respectively. The results underscored the 
precision and reliability of the optical sensor operating under ambient conditions with no 
encapsulation and most importantly the excellent stability of the material towards light with no 
traces of photo-induced oxidation. The current distribution (1
st
 month) for OFF and ON states 
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(n=30 pulses) with Gaussian fit is presented in Figure 7.19. The standard deviation (σ), FWHM 
and Mean are 0.92, 0.67, and 4.85 nA for OFF state and 1.33, 1.54, and 48.02 nA for light ON 
state, respectively. The results of current distribution remained the same for 2
nd
 and 3
rd
 month 
respectively. 
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Figure 7.18 Stability tests for Organic Photodetectors without encapsulation and measured in ambient 
conditions for 623 nm at 500 μW.cm-2 under a bias of 6V. 
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Figure 7.19. Current distributions (1
st
 month) of OFF state and ON state from stability tests (n = 30) for 
devices exposed to 623 nm. 
 
7.3.5.2 Figures of Merit (FOM) 
Responsivity (Rλ) and detectivity (D*) are critical parameters used to assess the performance 
of photo-detectors.
 [11]
 The responsivity of the photodiodes is the photo-current generated per unit 
power of incident light on the effective area under illumination and usually expressed in A.W
-1
. 
This is calculated using the following equation:   
𝑅 =
Δ𝐼
𝑃𝜆𝑆
   ,   Eq 7.3 
where ∆I is the difference between dark current and light current, PλPλ is the power density of 
incident light (500 μW.cm-2) and S is the effective area (~ 9 mm2) of illumination. Also, the 
fabricated photodiodes should have minimal noise contribution from the dark current to have a 
better limit of detectivity i.e., to differentiate very weak light signals.
 [42]
 Assuming that the dark 
current predominantly contributes towards the noise (shot noise),
 [29]
 the equation for detectivity 
(D*) is given by: 
𝐷∗ =
𝐽𝑝ℎ 𝑃𝜆⁄
(2𝑞𝐽𝑑)
1
2⁄
=   
𝑅
(2𝑞𝐽𝑑)
1
2⁄
  , Eq 7.4 
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where R is the spectral responsivity (at a given wavelength, λ), Jd is the dark current density 
(A.cm
-2
), and q is the electron charge (1.6 x10
-19
 Coulombs). The specific detectivity 
(cm.Hz
1/2
.W
-1
) is usually expressed in Jones. The devices operating under a reverse bias of 6V 
exhibit a maximum responsivity of 0.91 mA.W
-1
 at 623 nm. The responsivity for other 
wavelengths under similar conditions is determined to be 0.82, 0.61, 0.58, 0.50, and 0.02 mA.W
-1
 
for 589, 525, 470, 365 and 830 nm, respectively. A very good broad responsivity across the 
spectrum (365 to 830 nm) is attributed to the effective interaction of photo-active layer with 
incident light. The calculated detectivity (D*) under an external bias of 6V range from 1.16 x 
10
10
, 1.17 x 10
10
, 1.24 x 10
10
, and 1.71 x 10
10
 Jones for 365, 470, 525, and 589 nm, respectively  
and reaches a high 1.9 x 10
10
 Jones at 623 nm under a radiant power density of 500 μW.cm-2. The 
responsivity and detectivity for all the wavelengths utilized in the present study is presented in 
Figure 7.20 with standard deviation ±2σ. 
 
 
Figure 7.20. Spectral responsivity and photodetectivityof devices from 350 nm to 950 nm operating at 6V
. 
The devices exhibited minimal spectral detectivity of 5 x 10
5
 Jones (830 nm) and showed no 
discernible photoresponse to 940nm as expected from Figure 7.21.  
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Figure 7.21. Transient photo response measurements for devices at 830nm at 500 μW.cm-2. 
The relatively high detectivities observed in the organic sensors was close and comparable to 
conventional silicon photodetectors which generally achieve 3.75 x 10
13
 Jones.
[29]
 Such high 
detectivities in the DNTPP based single component photodetectors can be attributed to the low 
dark current noise present in the system. The Schottky barriers formed at the HOMO and LUMO 
energy levels of the molecule restricts the charge injection from respective electrodes resulting in 
low dark currents. Also, the higher currents observed under illumination can be ascribed to the 
good domain sizes which prevent recombination
 [43]
 at the interfaces leading to a high detectivity 
and responsivity in the sensor. 
7.4 Conclusions: 
 In this work, the broadband photodetector applications of the 5-nitrothienyl pyrrolo[3,2-
b]pyrrole derivative operating in the diode region is presented. The findings of the chapter are 
briefly summarized below: 
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 DNTPP with improved optical and electrochemical characteristics demonstrated 
excellent broadband photo-response when used as a single component photoactive layer.  
 SEM analysis provided significant insights into the film homogeneity and surface 
topography. The opto-electronic and transient photoresponse characterizations of the 
fabricated photodiodes were carried out using 365, 470, 525, 589, 623, 830 nm 
monochromatic light sources. 
 J-V characteristics and time dependent photoresponse measurements under a normalized 
power density of 500 μW.cm-2 revealed that the devices exhibited maximum response to 
623 nm. Using DFT and TD-DFT studies, it is rationalized that the low energy photons 
generate excitons which undergo efficient dissociation at the electrode interfaces due to 
favorable intra-molecular charge transfer. 
 Interestingly, the dark current densities remained 1.8 x10-10 A.cm-2 at 1V and as low as 
7.2 x10
-9
 A.cm
-2
 even under a high operational reverse bias of 6V. Such low dark 
currents seen are attributed to deeply located HOMO and LUMO levels and ordered 
domains in the thin film microstructure. 
 The responsivity and detectivity calculated reaches a high 0.91 mA.W-1 and 1.9 x 1010 
Jones at 623 nm, 500 μW.cm-2 at a bias of 6V. 
  The devices were found to be stable when operated in air devoid of encapsulation and 
displayed a very good CoV, precision and repeatability. 
Further optimizations of the device parameters may bolster the responsivity and detectivity of 
the OPDs. The results provided in this chapter is believed to instate a platform for designing 
simple and effective broadband organic photodetectors comprising fused pyrroles as single 
component active materials which exhibit air stability and operate under ambient conditions. 
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Chapter 8 
 
 
 
 
Conclusions and future work  
 
 
 
 
 
 
This chapter summarizes the findings of this thesis and gives a brief layout for future scope 
and unexplored avenues. 
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8.1 Conclusion 
 
The main objective of this doctoral research work was to develop organic semiconductive 
materials based on 1,4-dihydropyrrolo[3,2–b]pyrroles (DHPPs) for organic electronic and opto-
electronic applications. During the course of this PhD program, the author successfully developed 
functional organic materials with succinct structural changes and fabricated two terminal devices 
in a vertical sandwich configuration for desired applications. Overall, this PhD work successfully 
demonstrated the electronic and opto-electronic applications using 1,4-dihydropyrrolo[3,2-
b]pyrrole as active electronic components.   
8.2 Summary 
To summarize, the development and investigation of 1,4-dihydropyrrolo[3,2-b]pyrrole 
(DHPPs) derivatives resulted in several novel findings during this research program which will 
significantly contribute to the scientific advancement of organic electronics field. To the best of 
authors’ knowledge, the following major outcomes were identified and documented for the first 
time in this thesis.  
 The class of materials (DHPPs) selected by the author were demonstrated as electro-active 
components for the first time in this PhD project. The chemical structural modifications had a 
pronounced effect on optical, electrochemical and electrical properties of 1,4 dihydro pyrrolo 
[3,2-b] pyrrole (DHPPs) derivatives.  
 The molecules exhibited resistive switching properties when embedded in a typical two 
terminal MIMs (Metal-Insulator-Metal) configuration and were showcased as memory storage 
elements. The performance varied from a Write-Once-Read-Many times (WORM) behavior, 
FLASH memory with an excellent retention time and endurance tested for 500 write-read-
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erase cycles to a volatile re-programmable (110 cycles) DRAM behaviour with ON/OFF ratio 
of ~10
4
, 10
1
 and 10
5
 respectively.  
 The contrasting memory behaviour of the molecules was ascribed to the altered charge trap 
dynamics and Inter/Intra molecular charge transfer stabilization in the thin film as a function 
of structural modifications.  
 Finally, the derivative (Chapter 6) with enhanced optical and electrochemical properties with 
suitable energy levels was showcased as single component broadband organic photodetector 
material with a spectral sensitivity across 350 nm to 830 nm. The devices displayed broad 
spectral responsivity and detectivity with potential applications envisioned for low cost and 
flexible photodetector/image sensing applications.  
8.3 Research questions and summary 
 Can organic materials based on 1,4 dihydro pyrrolo [3,2-b]pyrroles exhibit: 
      - Good oxidative stability for the devices to operate without encapsulation. 
      - Good thermal stability; usually over 300°C. 
      - Tuneable opto-electronic properties for a desired device performance.   
The materials based on DHPPs show excellent oxidative and thermal stability as discussed in 
chapter 5, 6, and 7, respectively. All the materials synthesized were preserved with no special 
care and did not degrade when stored or used under ambient conditions. This thesis highlights 
the importance of molecular engineering as a crucial tool to achieve desired electronic 
properties while retaining their superior stability to air, light and environmental conditions. 
The fabricated devices devoid of hermetic encapsulation were exceptionally stable in ambient 
air conditions and all the electrical characterization pertaining to the device characterization 
was carried out in atmospheric ambient. The discussion presented in the corresponding 
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Chapters 5, 6 and 7 underscore the reproducibility and reliability of observed results. The 
thermal stability of all these materials were analysed using TGA which confirmed that all the 
molecules showed onset degradation, to > 300°C, which warrants their utility for electronic 
applications. As for the opto-electronic properties, the synthesized DHPP derivatives exhibited 
contrasting optical and electrical properties as a function of structural modifications. 
 Can the synthesized materials demonstrate reliable switching properties that can mimic the 
behaviour of RAM, ROM or WORM based memory devices? Also, is the device performance a 
confluence of chemical structure and resulting molecular interactions?  
The synthesized DHPP derivatives demonstrated reliable and reproducible switching 
characteristics when fabricated into a two terminal MIMs configuration and exhibited 
contrasting behaviours such as RAM, WORM and rewriteable memory (i.e. volatile/non-
volatile nature). The ON/OFF ratio for a permanent ROM type memory and rewriteable flash 
memory was found to be ~ 10
4
 and 10 respectively. For the rewriteable memory, an endurance 
of 500 cycles and ~ 10
5
 seconds of retention noticed provides a scope for application in low 
cost flash drives. Further modifications in the chemical structure (Chapter 6) yielded devices 
with a volatile re-programmable memory with short retention time. The ON/OFF ratio 
improved to ~10
5
 which is the highest reported value for these materials till date. The 
plausible mechanism has been put forth to explain the differences in the device performance. 
The contrasting switching behaviour observed has been attributed to the altered intra and/inter 
molecular interactions and charge stabilization in the thin films. Aided by appropriate physico-
chemical characterizations and molecular simulations, the origin of the electronic properties 
were unravelled and back tracked to the nature of the molecular frame work. 
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 Were the synthesis and device fabrication protocols reliable and reproducible? Are the 
devices stable without encapsulation? 
The chemical synthetic routes were found to be reproducible over multiple batch synthesis and 
the synthesises derivatives were characterized using accurate chemical characterization 
techniques such as 
1
H NMR, 
13
C NMR and High resolution mass spectrometry (HR-MS). The 
scalability has been a biggest takeaway which augurs well for the field of organic electronics. 
The fabrication protocols adopted throughout the research work was found to be reliable and 
reproducible. The reproducibility of the results was ascertained over multiple batches of 
devices fabricated using the same protocol. A minimum of 20-25 devices are taken as sample 
count (n) to give a detailed statistical analysis of all the electrical parameters. Also, the devices 
operate exceptionally well under ambient conditions. This is attributed to the superior stability 
of the developed materials.  
 As the materials in use are classified as semiconductors, can the optical properties and 
electronic properties be coupled for an opto-electronic application? 
All the materials developed during the PhD thesis were subjected to initial screening for an 
appropriate choice. As the molecule DNTPP, (Chapter 6) has a combination of improved 
optical, electro-chemical and electronic properties compared to other analogues, the author 
chose this is as an ideal platform for exploring opto-electronic application. The literature 
survey shows that all the studies generally involved using a cocktail of organic molecules with 
complementary absorption spectrum, bulk hetero-junction with fullerene acceptors, and 
organic-inorganic hybrid medium to achieve broad-band spectral response. However, in this 
research the author demonstrated a simple strategy to design a single component photoactive 
layer with multi-tasking abilities i.e., absorb light over a broad spectrum, transport electron 
and holes and exhibit superior stability to air and light for the first time (Chapter 7). The 
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devices fabricated using the active layer exhibited broad spectral responsivity and excellent 
wavelength detectivity across 350 to 830 nm. This strategy is expected to offer an innovative 
and effective approach to develop devices for low cost broadband organic photodetectors and 
image/color sensing applications. Overall, the research consolidated that with sufficient 
structural changes and appropriate choice of electrodes, DHPP derivatives can be used for 
electrical as well as opto-electronic application. 
 Is it possible to have a control over electrical parameters like threshold voltage Vth , ON/OFF 
ratio, retention time and low dark currents (opto-electronic application) ratio by modifying 
the chemical structure of the molecule?  
In this research work, it was observed that electrical parameters like threshold voltage 
(Vth), ON/OFF ratio, retention time largely depended on the type of the material (derivatives 
in this context) used. The threshold voltage largely depended on the electronic energy levels of 
the molecule and its alignment with the active electrodes. A much more comprehensive 
discussion is presented in the corresponding Chapters 5, 6 and 7 regarding the same. The 
ON/OFF ratio depended on several factors like chemical structure of the materials used, 
crystallinity, thickness of the active layer, and the ability of the thin film comprising these 
molecules as a network to transport the charges between the two electrodes. Other parameters 
like retention time solely depended on the dipole moment of the molecule which in turn is 
dependent on the chemical structure under study. Moreover, subjecting the chemical structure 
to diverse modifications causes a trickledown effect; affects optical and electrochemical 
properties and finally on the device performance. From the opto-electronic perspective, tuning 
the energy levels resulted in suppression of dark current as the Schottky barriers restrict the 
charge injection from electrodes. This seemingly has a pronounced impact and reflects in the 
enhanced responsivity and detectivity in the optoelectronic device (Chapter 7).  
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 Does the stability and lifetime of the device fabricated depend on the material or fabrication 
protocols? For example, does encapsulating the device and employing controlled operating 
conditions like N2 instead of ambient conditions help to improve the life time and stability? 
This PhD work was primarily focussed at developing materials and fabrication protocols to 
minimize the usage of clean room facilities. The materials and devices assessed were devoid of 
encapsulation and operated in atmospheric ambient conditions. However, a possibility to improve 
the life time and stability via encapsulation and testing in controlled environment is not ruled out 
and the author suggests considering these factors will provide scope for future research 
undertakings. This is discussed in detail in the following subsection which describes the future 
work and directions.  
8.4 Future work  
During the course of this PhD work, the author has come across various research avenues of 
potential interest, which can have productive outcomes when undertaken as potential future work. 
These include:  
 Controlled chemical structure modifications in the π-spacer (Chapter 6) of DHPP derivatives 
can be carried out to induce contrasting acceptor sites which in turn results in multi-charge 
trapping centres for ternary resistive switching. This can be encoded as “0”, “1”, and “2” for a 
ternary memory (3
n
) which is expected to result in a high density data storage system. 
 As the material possesses interesting optical properties, the devices used to evaluate switching 
characteristics can be investigated in the presence of specific light sources to explore the effect 
of light on resistive switching characteristics. Exposure to light is speculated to alter the 
electrical parameters like threshold voltage, ON/OFF ratio and to an extent; the switching 
characteristics of the material. 
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 The materials tested for opto-electronic application can be further improved by having a 
photoactive layer with enhanced optical properties. This can be achieved by having a gold 
(Au) nano particle layer with plasmonic absorption in the infra-red region. Consequently, the 
opto-electronic sensors are expected to show ultra-broadband sensitivity covering deep UV to 
far-IR region with improved spectral responsivity and detectivity.  
 The Conducting AFM studies showcased an interesting feature; to create devices on a nano-
scale. The thin-films can be subjected to solvent annealing to minimize the roughness and 
improve the homogeneity in tip-sample interactions. This is expected to increase the overall 
current density when the tip contacts the surface in the defined area. This avenue has a 
potential possibility in creating millipede devices that can exhibit high density of data storage.   
 This research work was primarily focussed on fabrication of devices and testing under ambient 
conditions with minimal clean room requirements. However, the effect of humidity and 
atmosphere can never be ruled out. In this context, future tests involving encapsulated devices 
tested under controlled conditions can be undertaken to investigate whether these parameters 
help to improve the consistency, stability and life time of device performance. 
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Appendix A: Supporting information for Chapter 5 
Time-dependent Density Functional theory (TD-DFT) studies: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Simulated Uv-Vis spectra of tetra aryl DHPP derivatives using TD-DFT calculations. 
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Table A1.TD-DFT studies carried out at B3LYP/6-31G (d,p) basis set for studying important allowed 
transitions for molecules  in the wavelength region  300-500 nm for (n=6) 6 states. 
 
 
 
 Energy 
(eV) 
Wavelength 
(nm) 
Oscillator 
Strength 
(f) 
Symmetry Major contributions 
 
 
DAPP 
 
 
2.75 
2.83 
2.88 
2.95 
3.12 
3.18 
363.02 
352.74 
346.86 
338.79 
320.15 
313.74 
0.6679 
0.0049 
0.0181 
0.0068 
0.5028 
0.0044 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
HOMO->LUMO (84%) 
HOMO->L+1 (97%) 
HOMO->L+2 (97%) 
HOMO->L+3 (97%) 
HOMO->L+4 (91%) 
HOMO->L+5 (92%) 
 
 
DClPP 
2.75 
3.01 
3.06 
3.15 
3.16 
3.22 
362.67 
331.63 
326.26 
316.53 
316.40 
310.47 
1.131 
0.0001 
0.0123 
0.107 
0.0417 
0.0641 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
HOMO->LUMO (85%) 
HOMO->L+1 (90%) 
HOMO->L+2 (97%) 
H-1->LUMO (63%) 
H-1->LUMO (25%) 
HOMO->L+4 (88%) 
 
 
DCNPP 
2.46 
2.76 
2.90 
3.15 
3.16 
3.22 
405.83 
361.20 
344.52 
317.39 
315.78 
309.84 
1.2997 
0.0849 
0.0022 
0.0076 
0.0011 
0.0004 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
HOMO->LUMO (85%) 
H-1->LUMO (95%) 
HOMO->L+1 (88%) 
HOMO->L+2 (96%) 
HOMO->L+3 (95%) 
H-1->L+1 (94%) 
 
 
DN3PP 
1.91 
1.92 
2.37 
2.38 
2.76 
3.06 
522.89 
519.67 
421.18 
419.14 
361.38 
326.50 
0.0268 
0.0091 
0.0021 
0.002 
1.0171 
0.0924 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
HOMO->LUMO (93%) 
HOMO->L+1 (94%) 
H-1->LUMO (72%) 
H-1->LUMO (27%) 
HOMO->L+2 (84%) 
H-1->L+2 (87%) 
 
 
DNPP 
2.07 
2.32 
2.38 
2.62 
3.00 
3.09 
481.32 
430.06 
419.62 
380.39 
333.25 
323.19 
1.0053 
0.002 
0.0598 
0.0002 
0 
0.0008 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
Singlet-A 
HOMO->LUMO (86%) 
HOMO->L+1 (89%) 
H-1->LUMO (96%) 
H-1->L+1 (97%) 
H-10->LUMO (51%) 
H-2->LUMO (96%) 
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Table A2 .Table summarizing ground state and excited state dipole moments calculated using DFT and 
TD-DFT studies at B3LYP/6-31G (d,p) level. 
 
 
 
 Ground state 
Dipole moment 
(μ) 
Excited state dipole moment 
(with highest oscillator strength) 
x y Z Oscillator 
strength (f) 
DAPP 2.1137 D 2.6732 0.9109 0.0829 0.6679 
DClPP 0.0100 D -3.6038 -0.7133 0.0896 1.1300 
DCNPP 1.3294 D 4.0353 -1.0399 0.00 1.2999 
DN3PP 5.9782 D -3.4012 -0.6996 0.2087 1.0171 
DNPP 1.3929 D 3.9273 -0.7113 0.000 1.0053 
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Figure A2. Stacked plots of the density of states (DOS) for DHPP derivatives estimated theoretically 
employing TD-DFT studies@ 6-31 G(d,p) parameters. It can be observed that the band-gap decreases 
gradually with the increase in acceptor strength; an eventual occurrence due to enhanced intra-molecular 
charge transfer (ICT). 
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Figure A3.  The J-V characteristics of 21 individual devices of ITO/DNPP/Al depicting the switching 
behavior (WORM). 
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Figure A4. The J-V characteristics of 8 random devices of ITO/DN3PP/Al depicting the FLASH 
memory behavior. 
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Figure A5. Representative J-V curves for symmetrical devices: (a) ITO/DNPP/ITO (b) ITO/DN3PP/ITO 
showing similar traits to ITO/Organic layer/Al devices confirming the inherent resistive switching 
property of materials. 
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Figure A6. Representative I-V characteristics of ITO/DNPP/Al and ITO/DN3PP/Al devices with three 
different active electrode area depicting the area dependent current response. The ON/OFF ratio remained 
fairly unchanged. 
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Figure A7. Field emission scanning electron microscopy (FESEM) images of tetra-aryl 1,4-
dihydropyrrolo[3,2-b]pyrrole derivatives spin coated on ITO substrates from THF solution and annealed 
under vacuum at  70 
o
C for 12 hrs. (a) DNPP; (b) magnified section of DNPP; (c) DN3PP and (d) 
DCNPP. The morphology reveals a co-continuous layer formed indicating appreciable ordering.
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